Bacterial metabolism of pentose and pentose nucleosides by Marmur, Julius
Retrospective Theses and Dissertations Iowa State University Capstones, Theses andDissertations
1951




Follow this and additional works at: https://lib.dr.iastate.edu/rtd
Part of the Microbiology Commons
This Dissertation is brought to you for free and open access by the Iowa State University Capstones, Theses and Dissertations at Iowa State University
Digital Repository. It has been accepted for inclusion in Retrospective Theses and Dissertations by an authorized administrator of Iowa State University
Digital Repository. For more information, please contact digirep@iastate.edu.
Recommended Citation
Marmur, Julius, "Bacterial metabolism of pentose and pentose nucleosides " (1951). Retrospective Theses and Dissertations. 13643.
https://lib.dr.iastate.edu/rtd/13643
BACTERIAL METABOLISM OF PENTOSE 
AND PENTOSE NUCLEOSIDES 
Julius Marraur 
A Dissertation Submitted to the 
Graduate Faculty in Partial Fulfillment of 
The Requirements for the Degree of 
DOCTOR OF PHILOSOPHY 
Major Subject: Physiological Bacteriology 
Approved: 
In Charge of Major l?ork 
Head of Major Department 
Dean of Graduate College 
Iowa State College 
1951 
Signature was redacted for privacy.
Signature was redacted for privacy.
Signature was redacted for privacy.
UMI Number: DP12832 
INFORMATION TO USERS 
The quality of this reproduction is dependent upon the quality of the copy 
submitted. Broken or indistinct print, colored or poor quality illustrations and 
photographs, print bleed-through, substandard margins, and improper 
alignment can adversely affect reproduction. 
In the unlikely event that the author did not send a complete manuscript 
and there are missing pages, these will be noted. Also, if unauthorized 
copyright material had to be removed, a note will indicate the deletion. 
UMI 
UMI Microform DP12832 
Copyright 2005 by ProQuest Information and Learning Company. 
All rights reserved. This microform edition is protected against 
unauthorized copying under Title 17, United States Code. 
ProQuest Information and Learning Company 
300 North Zeeb Road 
P.O. Box 1346 
Ann Arbor, Ml 48106-1346 
QH8t 
TABLE OF CONTENTS 
INTRODUCTION 1 
HISTORICAL 3 
Origin and Metabolism of Pentoses 7 
End Products of Pentose Metabolism 20 
Nucleic Acids in Bacteria 25 
METHODS AND MATERIALS 28 
Organisms 28 
Bacterial Enzyme Preparations 29 
Untreated cells.... 29 
Acetone-treated cells 29 
Lyophilized cells... 30 
Cell-free extracts (juices) 30 
Fractionation with ammonium sulfate 31 
Alumina C-gamma fractionation 32 
Preparation of Mammalian Enzymes 33 
Aldolase 34 
Triose phosphate dehydrogenase 35 
Adenosine deaminase 36 
Analytical Procedures.................. 36 
Manometric methods..... 36 
Spectrophotometry. 37 
Phosphate determination 37 
Ammonia determination. 38 
Pentose determination.. 39 
Protein determination......... 39 
Hypoiodite titration. 40 
Glycolaldehyde determination....... 40 
Volatile acid determination 41 
Paper chromatography 42 
Preparation of Compounds.,....,.,,,,.......... 43 
Fructose 1, 6-diphosphate. 43 
Inosinic acid 44 
Rlbose-5-phosphate 48 
Coenzyme 1 (DPH)..... 52 
Adenine thiomethyl pentose. 52 
Adenine, glutamine, ribose and ribose 
nucleic acid 53 
Muscle adenylic acid and yeast 
adenylic acid... 53 
Adenosine and guanoslne 53 
Xanthosine 54 
Isoguanine and Isoguansine 54 
Clyceraldehyde phosphate,. 54 





Studies on the Deamination of Purine Ribosides,,,. 58 
Deamination studies using whole cells*••••••« SB 
Deamination studies with mammaliam 
adenosine deaminase 60 
Deamination stiMies with cell-free 
bacterial extracts*..,,.. 65 
Aspects of Pentose Catabolism**, 79 
Role of phosphate in the metabolism of 
r ibose 79 
Metabolism of substituted pentoses,.,..,...., 82 
Aspects of intermediary pentose 
catabolism, ..•**,, 37 
Aspects of Pentose Anabollsm,,103 
Spectrophotometric Studies on Pentose 
Metabolism, * 114 
DISGUSSIOK 151 
SUMMARY AND CONCLUSIONS 145 
LITERATURE CITED * 147 
ACKNOVKLEDGMEIfr 164 
INTRODUCTION 
Knowledge of the intermediary metabolism of the 
nucleic acids is still meager despite the Increasing 
niomber of publications in this field. The complexity 
of the constituent polynucleotides and the lack of 
specific and quantitative methods has made possible the 
study of the metabolism only of the individual units of 
the nucleic acids. 
Bacteria, because of their high nucleic acid content, 
offer particular promise as a biological material. Their 
enormous growth rate and production of as much as 20 per 
cent nucleic acid indicate a high specific enzyme activity 
compared with tissue in which nucleic acid synthesis de 
novo la a slow process. It should be kept in mind that, 
in the metabolism of nucleic acids, we are concerned with 
the synthesis of structural material and not with the 
uncontrolled utilization of substrate such as carbohydrate 
for the derivation of energy. 
The research problems in the field of nucleic acid 
enzymology, classified according to the nucleotide 
composition, include the metabolism of phosphoric acid, 
pentose, and of purines and pyrimidlnes. Research on the 
phosphoric acid group in nucleic acids pertains mainly to 
its mode of esterlfication and to its metabolic relation 
to metaphosphate and pyrophosphate. 
The present work is a contribution to the understanding 
of the prerequisites of splitting the nucleosides, in 
particular the purine nucleosides, and to the metabolism 
of pentose» Deamination of the nucleoside constituent is 
often required prior to enzymatic degradation. The 
deaminases of this class are still poorly understood. 
The same is true of pentose metabolism. Until very recent­
ly the scientific literature contained only speculations 
on the origin aM metabolism of pentose. It is hoped that 
the experiments described here will contribute to the 
understanding of the intermediate compounds involved in 
the metabolism of the nucleosides and of pentose. 
HISTORICAL 
Although nucleic acids were first Isolated in 1868 
"by Mlescher, the presence of carbohydrate was not reported 
until 1891, Kossel (1891, 1893), working with a nucleic 
acid isolated from yeast, believed the sugar component 
to consist of a hexose and a pentose, Hammarsten (1894) 
and Salkowski (1899) isolated from hydrolyzed nucleo-
proteln of ox pancreas a compound thought to be a pentosazone, 
Neuberg (1902) obtained from the same source an osazone 
which he believed to be derived from dfh)-xylose. 
Attention was then turned to inoslnic acid, the sugar of 
which was considered to be d(+)-xylose by Neuberg and 
Brahn (1907), dl-arablnose by Bauer (1907), and d(«-)-lyxose 
by Haiser and VTfenzel (1909), 
Levene and Jacobs (1909 a) then succeeded in obtain­
ing the crystalline sugar from inoslnic acid by a two-
stage hydrolysis involving the isolation of pure inosine 
(1909 b) and later (1909 c) concluded that the sugar was 
d(-)-ribose after showing that It gave a p-bromophenyl-
osazone which was the optical antipode of 1-arabinose-p-
bromophenylosazone and on oxidation yielded an optically 
inactive trlhydroxyglutarlo acid, which excluded the 
possibility of the sugar being d-arabinose, 
Levene and Jacobs (1909 d, e, f, g) also concluded 
that the sugar was d(-)-ribo8e in the guanylic acids of 
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liver and pancreas, in yeast nucleic acid and in guanosine 
and adenosine derived frem that acid. 
The recognition of the sugar in the pyriraidine nucleo­
tides and nucleosides as d(-)-ribose was accomplished 
(1) by hydrolysis of the nucleoside and oxidation of the 
sugar to the aldonic acid (Levene and La Forge, 1912), 
which was identified as d-ribonic acid by the melting point 
of the phenylhydrazide of ribonic acid and (2) by the 
comparison of the osazone of the sugar, obtained by acid 
hydrolysis of the nucleoside after catalytic hydrogenation 
with the osazone obtained in the earlier work (Levene and 
Jacobs, 1909 d). 
In 1909, Rewald Isolated a sugar from pancreas nucleo-
protein which yielded an osazone identical with that of 
d (+•) -xylo s az one, 
Gurin and Hood (1941) have shown that the carbohydrate 
of streptococcal nucleic acid is solely or mainly ribose. 
V. Euler, Karrer and Usteri (1942) and Schlenk (1942) 
have concluded that the carbohydrate of cozymase is 
d(-)-ribose, 
Gulland and Barker (1945) found d(-)-ribose to be 
the main constituent of yeast nucleic acid. Small amounts 
of l-(tya|ise were also shown to be present in the hydrolyzate 
of the commercial samples analyzed. However, the latter 
claim was discredited by Barker et (1947) when it was 
found that lyxose represented an artifact derived from 
ribose toy ©plmerizatlon in the course of isolation. 
The ribose phosphates described so far are D-ribose-S-
phosphate, D-ribose-S-phosphate and D-ribose-l-phosphate.-^  
Levene and Bass (1951) and Levene and Harris (1955) 
established the position of the phosphate of the fomer 
two sugars, Kalekar (1945, 1947 a) first isolated and 
identified ribose-l»phosphate. The latter was obtained as 
a result of the phosphorolysis of the nucleosides inosine 
and guanosine. The ester linkage is extremely labile and 
its position was indicated by the equivalent liberation of 
aldose on mineralization of the phosphate. 
Another sugar which is a component of nucleic acids is 
D-desoxyribose, This sugar is the main carbohydrate 
component of desoxyribose nucleic acid. The sugar was at 
first mistaken for a hexose. The reason for this assump­
tion was that analogous ftnd products were formed on heat­
ing either hexoses or desoxyribose nucleic acid with 
sulfuric acid. In each case, laevulinic and formic acids 
are formed (Kossel and Neximann, 1894), B'eulgen (1914, 
1918) claimed the carbohydrate was not a hexose but a 
glucal (G6Hio04)« emphasized the fact that the sugar 
was highly unstable and did not belong to the group of 
common sugars, l^ ulgen and Rossenbeck (1924) described a 
•XJp to this point the sugar configuration has been 
designated in conformity with historical representations. 
Subsequent reference to the carbohydrates will be adapted 
to contemporary formulations. 
color test which depends upon the fact that the products 
of partial hydrolysis of desoxyribose nucleic acid will 
restore the color to basic fuchsin which has been de­
colorized with sulfurous acid. The intermediate responsi­
ble for the color reaction is claimed by Stacey ^  al» 
1946 to be *»>-hydroxy-laevulinic aldehyde • 
In 1929, Levene and London discovered a desoxy sugar 
as a component of the nucleosides of desoxyribose nucleic 
acid. Later, Levene and Mori (1929) and Levene, et al« 
(1930) identified the sugar as D-2-desoxyribose, The 
sugars in spleen desoxyribosenucleic acid (Chargaff _et al« 
1949) and in the desoxyribose nucleic acid from the 
Mvcobacterium are chromatographically identical with 
that in thymus nucleic acid (Vischer et al« 1949): they 
are presximably desoxyribose. The phosphorylated esters 
of desoxyribose have been isolated and identified by 
Manson and Lampen (1948), Friedkin (1950), and Racker (1951), 
Other carbohydrates have been found in combination 
with purines and pyrimidines. One is a hexose nucleoside 
first discovered by Ritthausen (1870), The basic component 
is the pyriraidine derivative, divicine (2,5-diamino-4, 
6-dihydroxy pyrimidine), Convicine and vicine have been 
isolated by Winterstein and Somlo (1933) from Vicia sativa 
and Vicia fava. The sugar component has been recognized 
as D-glucose by Levene (1914), 
Two pentoses closely related to ribose have been found 
to occur in nature, RiTsitol is a constituent of alloxazine 
nucleotides. The structure of the nucleotides and the 
position of the phosphoric acid (position 5) of the ribitol 
have been establiahed by Karrer ^  al, (1935) and Kuhn et al. 
(1936)» 
Adenosine thioraethyl pentose, found in yeast, yields 
the sugar thiomethyl ribose upon hydrolysis. This nucleo­
side was first isolated from the commercial yeast product 
*zymin* by Mandel and Dunham (1912) and regarded by them 
as an stdenine guloside, Suzuki et (1924) described what 
appeared to be a similar nucleoside having the composition 
1^1%5®5®3^ ' shown to have the configuration of a purine 
thiomethyl pentose. The structure of the sugar was studied 
by Suzuki and Mori (1925) who concluded that the pentose is 
a 5-thiomethyl ribose, while Levene and Sobotka (1925) 
favored the position 5 of the thiomethyl group, Wendt (1942) 
extended the work and confirmed the stmicture established 
by Suzuki and Mori, A synthesis of 2-desoxy-D-ribose has 
been recently described by Ohta and Makino (1951), Baddiley 
 ^ (1951) have elaborated a chemical synthesis of 
adenine thiomethyl ribose• 
Origin and Metabolism of Pentoses 
The widespread occurence of the pentose sugars in 
nature and their importance in metabolism have become 
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increasingly manifest (Hirst, 1949}« D-ribose is an 
essential component of some members of the B group of 
vitamins and of some coenzymes, D-ribose and 2-desoxy-
ribose are the carbohydrate components of nucleic acids. 
Pentose residues, arablnose and xylose in particular, are 
also found in a variety of complex polysaccharides which 
act as food reserve materials in plant seeds. They are 
found in the cell mil of plants, and undergo chemical 
changes which result in lignificatlon. 
Both ribose and 2-desoxyribose occur in the D- forms, 
and presumably always in the furanose ring modification. 
The pentoses may originate In any of the following 
ways: (1) the polymerization of formaldehyde (2) the aldol 
condensation of triose and glycolaldehyde phosphate or 
(3) the decarboxylation of hexuronic acids or gluconic 
acid, 
When a solution of formaldehyde is boiled in the 
presence of alkali, a mixture of various sugars called 
'formose* is obtained, Kusln (1935) proposed that form­
aldehyde reacts in the hydrated form to give glycolaldehyde, 
Langenbeck (1942) demonstrated that the poljrmerization of 
formaldehyde could be induced by such catalytic * stimulants* 
as dihydroxyacetone, glycolaldehyde, fructose, benzoin, 
anisoin and acetoln. In alkaline solution, the formaldehyde 
reacts in the form of an * active* molecule with another 
molecule of formaldehyde to produce glycolaldehyde, tJpon 
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continuation of this reaction, another active foraialdehyd© 
Is added and the equilibrl\xm product is dlhydroxy ace tone. 
An additional condensation results in a ketotetrose, 
Orthner and Gerisch (1953) actxially isolated glycolaldehyde 
and glycerol in such a formaldehyde condensation using 
lead hydroxide as the catalyst# 
Byers and Jones (1951) examined the products formed 
on boiling a solution of formaldehyde in the presence of 
CaCO^  and revealed that the mixture "formose* was very 
complex, containing hexose, pentose and other sugar 
derivatives* DL-xylose has been obtained as the p-toluene 
sulfonylhydrazone, However, no equivalent biological 
synthesis of pentose from formaldehyde has been described. 
In view of the observations made by Meyerhof et al, 
(1956 a, b) and Lohmann (1941) on the reversible nature of 
the reaction catalyzed by aldolase, the following scheme 
may be suggested as a possible mode of synthesis of Cg as 
well as other sugarss 
Dihydroxyacetone phosphate + RCHO =*=* R-ketose 
(aldolase) 
In this equation R may be a Cg or other aldehyde, 
Meyerhof and Lohmann's work was concerned mainly with 
the elucidation of the action of aldolase pertaining to 
the hexose sugar, fffom their work (19S6 a, b) it can be 
concluded that aldolase is specific for the dihydroxyacetone 
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phosphate component, but can utilize a wide variety of 
aldehydes, Gardner (1943) suggested a combination of 
glycolaldehyde with triose to form pentose. 
Evidence for the participation of aldolase in the 
metabolism of pentoses is derived from both the anabolic 
and catabolic pathways of enzymatic action. Working with 
RA8arla« Uord (1945) found an accumulation of pyruvate in 
the dissimilation of D-xylose, The fact is understandable, 
if an aldolase Cg-Cg split is postulated. However, efforts 
to trap and isolate glycolaldehyde in the course of pentose 
fermentation were unsuccessful, Krampitz and Werkman 
(1947) found that Staphylocoocus aureus (Micrococcus 
pyoj^ enes var, aureus) metabolized the ribose from nucleic 
acid and nucleosides. Oxidative catabollsm of the ribose 
resulted in an equimolar accumulation of acetate and the 
formation of three moles of COg (R, Q, =" 1), The triose 
is completely oxidized while the Cg fragment appears as 
acetate, Fted et al. (1921) Isolated certain pentose-
destroylng bacteria and found that they metabolized 
arabinose and xylose with the production of acetic and 
lactic acids in approximately equimolar quantities, Reynolds 
and Werkman (1957) studied the end products of xylose 
fermentation by Escherichia coll and found them to consist 
primarily of lactate, acetate, succinate, ethyl alcohol and 
small amounts of COg, Hg and formate. Approximately one 
mole of lactate was formed for each mole of xylose fermented. 
• 11 
A C5-C2 split of xylose was proposed in wMch the 5-cartoon 
compound was converted to lactate, and the remaining 
2-carbon fragsaent was accounted for quantitatively as 
acetate, succinate and ethyl alcohol, 
dampen et al, (1951) found that the fermentation of 
l-G^ «^D-xylose by Lactobacillus pentosus resulted in the 
formation of acetic and lactic acids. The former acid 
accounted for approximately 9S^  of the radioactivity. All 
of the was present in the methyl group, which was 
derived from the aldehyde carbon of xylose. The authors 
suggested the possibility that xylose was rearranged to 
the 2-k®to-pentose prior to the Cg-Cg split. These results 
strongly support the hypothesis of a pentose cleavage 
between the second and third carbon atoas, probably initiated 
by an enzyme similar or identical with aldolase. Identical 
results have also been obtained by Rappoport ^  sd, (1951) 
in the fermentation of L-arabinose-l-C^  ^by Lactobacillus 
pentoaceticus. 
Further evidence for an aldolase split comes from the 
work of Schlenk and Waldvogel (1947), They found that 
incubation of purine nucleosides and nucleotides with a 
suspension of minced animal tissues results in a decrease 
in pentose concentration of the incubation mixture. Oxygen 
was not found to be necessary for the reaction ard iodoacetate 
and sodium fluoride had no influence on the rate of the 
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pentose disappearance. It was found, too, that ribose-5-
phoaphate was metabolized to the same extent as the 
pentose of nucleosides and nucleotides, Rlbose-3-phosphate, 
however, was not metabolized to any significant extent. 
An aldolase split of ribose was suggested when it was found 
that a mixture of glucose-6-phosphate and fructose-S-
phosphate was isolated from incubation mixtures containing 
liver enzymes and nucleosides, the hexose accumulation 
accounting for the pentose disappearance (Waldvogel and 
Schlenk, 1949), These results are in keeping with the 
earlier observations made by Dische (1938) who found that 
ribose from adenosine may be converted into triose and 
hexose phosphate by incubation with htiman erythrocytes. 
The most direct evidence for the participation of 
aldolase in the metabolism of pentoses comes from the work 
of Racker, Using bacterial extracts of E, ooli Racker 
(1948) purified an enzyme which catalyzed the formation of 
triose phosphate from ribose-5-phoaphate. The activity of 
the enzyme was measured spectrophotometrically in the 
presence of an excess of triose isomerase and a-glycero-
phosphate dehydrogenase. The oxidation of reduced DPN by 
the triose dehydrogenase is followed by the disappearance 
of ultra-violet absorption at 340 mu. In the same extract 
an enzyme was found which oxidizes reduced DPN in the 
presence of glycolaldehyde, Racker also found that crys­
talline rabbit muscle aldolase can catalyze the formation 
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of pentose phoaphat© ffom glyoolaldehyde and triose phosphate. 
The pentose phosphate was isolated as the barium salt but 
was found to differ from ribose-5-phosphate. Analogous 
results were obtained by Racker (1951) in the synthesis of 
desoxypentose phosphate. The €3 component is acetaldehyde 
and its condensation with triose phosphate is catalyzed by 
rabbit muscle aldolase. The desoxypentose phosphate was 
Isolated from incubation mixtures as the barium salt and 
found to have properties which indicate the phosphorus to 
be esterified in the 5 position. The sugar behaves 
similarly to that obtained from the mild acid hydrolysis 
of desoxypentose adenylic acid. They obtained similar Rf 
values using paper chromatography and the phosphate ester 
was more stable than desoxyribose-l-phosphate (Eriedkin, 
1950). 
A possible alternative route of pentose formation in 
nature is the decarboxylation of hexose sugars. The 
hexuronic acids would yield pentose plus carbon dioxide, 
while an oxidative decarboxylation of the hexose sugars 
(as the 6-phosphate esters) via gluconic and ketogluconic 
acids would also yield pentose plus carbon dioxide. 
The uronic acids are aldehyde carboxyllc sugars. The 
best known is D-glucuronic acid which occurs combined with 
phenols ard alcohols in the animal organism. The hypothesis 
that the uronic acids are directly decarboxylated to their 
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homologous pentoses has been based on the observation that 
in numerous plant gums and mucilages the uronic acids are 
accompanied by their homologous pentose, i.e., D-glucuronic 
acid and D-xylose| D-glucuronlc acid and L-arablnosej 
D-galacturonlc acid and L-arabinose, The decarboxylation 
of the uronic acids in a biological system was first 
demonstrated by Salkowski and Neuberg (1902), Cohen (1949), 
using K-IB strain of E. coll investigated the hypothesis 
that the uronic acids yield their corresponding pentose 
by &. decarboxylation. The technique of simultaneous 
adaptation was employed under conditions minimizing selec­
tion of mutants while permitting adaptive enayme formation. 
If the individual steps in the metabolism of uronic acids 
are under adaptive enzymatic control, then growth on a 
medium containing uronic acid will produce cells that should 
be simultaneously adapted to the homologous pentose, Cohen 
found, however, that cells adapted to glucuronic or 
galacturonic acids could oxidize or ferment both uronic 
acids, but could not ferment or oxidize D-xylose, L-arabinose 
or D-ribose, Ruling out the permeability hypothesis to 
account for the inability of the cells to utilize pentoses 
as unlikely, Cohen has concluded that the decarboxylation 
or uronic acids by S, coli does not proceed by the direct 
decarboxylation of uronic acid to produce pentose. An 
alternate, as yet unsubstantiated hypothesis, was offered 
by Cohen (1949): 
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(a) 
Uronate  ^uronate phosph&t© 
-CO2 
(t>) 
Pentose >- pentoa© phosphate 
°8j 1 "S 
undetermined products 
According to this hypothesis, the enzymes involved in 
reactions (a) and (b) would he adaptive and of the hex-
okinase type, Unadapted strains of E, coli (Hacker, 1948) 
can oxidize or ferment pentose phosphate* Consequently, 
cells adapted to uronate would not be expected to attack 
free pentose. Hirst (1942) considers it unlikely that a 
simple conversion exists at the polysaccharide level, 0»g#, 
galac tan -> polyuronide -* araban + (CO2 )x» 
The oxidative decarboxylation of hexose sugars offers 
an alternative mechanism of pentose formation. In 19S3, 
Warburg and Christian reported the formation of 6-phospho-
gluconate from glucose-6-phosphate and later the subsequent 
oxidation of phosphogluconate (Warburg ^  1935). The 
dehydrogenase in both reactions requires TPK as a coenzyme 
and the enzyme system was found to be present in horse 
liver, Warburg and Christian (1937) showed that the process 
is continued by a series of oxidations and decarboxylations. 
Uptake of 2,5 moles of Og per mole of phoaphogluconic acid 
indicated that the oxidative decarboxylation comes to an end 
with the formation of a 3-carbon compound, A fractionation 
of the phosphoric acid esters as the lead, mercuric and 
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barium salts did not yield well defined products. One had 
a carbon/phosphorus ratio of 5/1j another resembled 
phosphoglycerlc acid in composition, but it proved un-
fermentable. The bacterial oxidation of gluconate to 
2-ketogluconate was described by Bernhauer and Gorlich 
(1935). 
The forjaatlon of 2-ketopho8phohexonic acid was first 
suggested by I.i|»aann (1936) who found that in the presence 
of broiaoacetate the oxidation of 1 mole of phosphohexonlc 
acid by yeast macerate required 1/2 while 1 COg appeared. 
On the basis of this evidence, Llpmann suggested that first 
2-ketogluconic acid is formed (1/2 Og consumed) which la 
then decarboxylated (1 COg liberated)f arabinose phosphate 
was predicted as the final reaction product* 
Dickens (i938 a) in an extensive Investigation of the 
oxidation of phosphogluconate by partially purified Lebedew 
maceration fluid found that in the presence of coenzyme II 
the oxidation proceeds until 1/2 Og is consumed per mole 
of phosphohexonate, At this oxidation level, a mixture of 
phosphohexonlc and phosphopentoic acids was Isolated as 
the barium salts. When the oxidation was allowed to 
proceed until Og uptake and COg output were each about 1 
raole per mole of substrate, Dickens isolated a phosphoryl-
ated 4-C monocarboxylic dihydroxy acid which he believed 
to be phosphoerythronic acid, Dickens found, however, that 
the expected pentose phosphate derived by a simple oxidative 
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decarboxylation of phoaphohexonate, namely arablnose 
phosphate, was oxidized to a small extent* With the sasie 
Lebedew fluid, both the synthetic and natural ribose 
phosphate were oxidized to an extent which would be 
consistent with the hypothesis that ribose-5-phosphate 
is an intermediate in the biological oxidative degradation 
of phosphohexonate* A Walden inversion was suggested to 
account for the appearance of ribose phosphate instead of 




5»pho8phate (Walden inversion)—ribose-S-phosph&te# 
Dickens and Glock {1950} consider the oxidative 
decarboxylation of glucose-S-phosphate a main route of 
carbohydrate oxidation in some animal tissues# Coenzyme II-
llnked systems for the oxidation of gluoose-6-pho8phate 
and 6-phosphogluconic acid were found to be present in 
extracts of liver, brain and kidney of the rat and rabbit. 
The authors disqualify the Smbden-Meyerhof glycolytic 
scheme to account for pentose formation since neither the 
oxidation of glucose-6-phosphate nor 6-phosphogluconic acid 
is inhibited by O.OIM sodium fluoride• In support of the 
hypothesis that sugars are attacked via an oxidative 
mechanism in animal tissues is the work of Breusch (1943) 
and Walnio (1947), Breusch found that D-glucose, 
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0-arabinos©, glyceraldehyde and glycolaldehyde and possibly 
erythrose are all oxidized, without phosphorylation, in the 
presence of a Latapie raince of calf liver, using methylene 
blue as an indicator, Wainio showed that D-glucose, 
D-arabinose, D- xylose, D-lyxose, D-glucose-6-phosphate, 
fructose-6-phoaphate and fructose-l-S-diphosphate are 
oxidized in the presence of methylene blue when DPH, TPH 
and a partially purified protein preparation from lamb 
liver was added« With the phosphorylated hexoses as 
substrates it was not determined whether the observed 
dehydrogenation was exclusively at the hexose level. The 
possibility that aldolase action is followed by dehydro­
genation of triose phosphate was not investigated. 
Evidence for the oxidative pathway of hexose utilization 
is also derived from bacterial metabolism studies, Bernhauer 
and Gdrlich (1955) have described the bacterial oxidation 
of gluconate to 2-ketogluconate, Stokes and Campbell (1951) 
have described a non-phosphorylating oxidative mechanism of 
glucose utilization by Pseudomonas aeruptinoaa. Paper 
chromatography and R,Q, values have indicated that 
2-ketogluconate is a direct intermediate in the oxidative 
dissimilation of glucose, 
Scott and Cohen (1951) used differential paper 
chromatography and specifically adapted cells of E, coll to 
Identify the intermediate products formed in the oxidation 
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of phosphogluconate by yeast and S. coll. Pentose formation 
was indicated by the O2 consiimption and CO2 production 
during the enzymatic degradation of 6-phosphogluconate• 
i?ractionation of the end products followed by paper 
chromatography and adaptive enzymatic analysis revealed 
the formation of ribose-5»phosphate ai^  arabinose-5-
phosphate, representing 2b% and 10% respectively of the 
total apparent pentose# An unknown Bial-reactive phosphate 
ester was also present. Little, if any, accumulation of 
2-ketogluconate was apparent, A oojnpound reacting like 
glyceraldehyde-5-phosphate was observed to accumulate. 
The origin of this triose was not due to degradation of 
ribose-5-phosphate, since the latter compound was not 
utiliased by the system employed, Cohen and Scott (1951) 
have postulated a reaction mechanisin to explain the inter­
relationships of the observed pentose phosphates fomed on 
phosphogluconate degradation* 
D-arabinose-5-phosphate ^  trans-enediol, pentose-5-
phosphate=f^  I)-araboketose-5-phosphate =^ cis-ene<lol 
pentose-S-phosphate D-ribose-6-phosphate, 
fhis scheme accounts for the appearance of ribose-5-
phosphate which may ultimately appear as the carbohydrate 
component of ribose nucleic acid, coenzymes, etc, 
Horecker and Smyrniotis (1950, 1951} have postulated 
5-keto-6-phosphogluconate as the primary oxidation product 
of 6-phosphogluconate. Using a partially purified enzyme 
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preparation from yeast, a quantitative conversion of 
6-phosphogluconate to pentose phosphate and carlDon dioxide 
was demonstrated. The pentose phosphate formed was 
fractionated into two components on an ion-exchange column, 
The first, rihulose-S-phosphate, is believed to be the 
product formed in the decarboxylation of the postulated 
5-keto-6-phosphogluconate, The second pentose phosphate 
component was ribose-5-phosphate, which in the biological 
system employed is in equilibrium with the keto-pentose 
phosphate. The formation of the keto-pentose accounts 
for the Walden inversion which occurs in the enzymatic 
degradation of 6-phosphogluconate to ribose-5-phosphate. 
End Products of Pentose Metabolism 
A survey of the literature concerning pentose and 
hexose metabolism, particularly by microorganisms, reveals 
a striking qualitative and quantitative similarity of the 
catabolic end-products. This supports the hypothesis that 
the pentoses and hexoses are metaboliaed essentially via 
similar pathways. The fact that some differences do exist 
may reflect the specificity and differential dynamics of 
the enzymes involved. 
Experiments with animal tissues have revealed that 
the free pentoses are metabolized to only a slight extent, 
if at all (Miller and Lewis, 1932j Blatherwick et 1936j 
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Elveh^ em, 1942| Rice and Roe, 1961)• Sternfeld and 
Saunders (1937), in an extensive investigation of the 
carbohydrate requirements of various microorganisms, 
found the pentoses to be attacked by a smaller number of 
organisms than were the hexoses* The inability of some 
organisms to metabolize free pentoses but to attack the 
phosphorylated derivatives (Dickens, 1958 bj Schlenk and 
Waldvogel, 1947) is consistent with the hypothesis that 
the 5-carbon sugars are phosphorylated prior to glycolysis» 
The inability to attack the free pentoses is probably due 
to the lack or inaccessibility of the enzyme ribokinase, 
Youngburg (1944) reported that homogenized kidney cortex 
could not phosphorylate ribose. Sable (1950) found that 
an aqueous extract of rat muscle, which contains an active 
glucokinase, is unable to phosphorylate ribose* 
Recently, the phosphorylation of pentoses has been 
reported in both yeast and bacteria. Sable (1950) partially 
purified ribokinase from a yeast autolysate which can 
catalyze the phosphorylation of ribose when ATP is added 
as a phosphate donor. The enzyme failed to affect 
I>(+)-xylose, D(-)-arabinose, L(v)-arabinose and D-2-
desoxyribose, Cohen and Scott (1951) have been able to 
demonstrate that cells of E, coli grown on D-arabinose and 
on D-ribose developed specific adaptive enzyme systems 
which could transphosphorylate the acid-labile phosphate 
of ATP to form an acid-stable pentose phosphate. Barker 
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and Lipmann (1949) reported that Proplonlbaoterlum 
pentoaaceum can phosphorylate arahinose by transphorylation 
from phosphoglyceric acid or by a coupled oxidative phos­
phorylation with rumarate. One mole of phosphate was 
esterified per mole of arabinose oxidized. In the presence 
of sodi\jjm fluoride, a phosphate ester was isolated which 
consisted entirely of phosphoglyceric acid. The authors 
suggested that arabinose monophosphate is split into a 
triose phosphate and an unphosphorylated 2-carbon fragment. 
An enzyme, phosphoribomutase, catalyzing the conversion 
of ribose-l-pho8phate to riboae-5-phosphate has been suggest­
ed by Schlenk (1949) and demonstrated in msumnalian tissue 
by Sable (1950) and Abrams and Klenow (1951), This reaction 
emphasizes the essential similarity between ribose and 
hexose metabolism. 
The evidence thus far favors the hypothesis that the 
fermentative pathway of pentose metabolism involves 
phosphorylated intermediates in which the pentose phosphate 
is split by aldolase, or some other enzyme, into a Gg and 
a Cg fragment. The triose phosphate formed would thus 
establish a link with the hexose glycolytic scheme. 
The metabolism of pentoses and hexoses by a wide 
variety of microBrganisms results in similar end-products. 
In 1901, Harden examined the end-products of arabinose and 
glucose metabolism by Bacillus coli communis (E, coll), In 
each case, ethyl alcohol, acetate, lactate, succinate, form-
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ate and COg were formed, Werkman ^  (1929) have shown 
that xylose and arablnose, as well as glucose , form 
propionate and acetate aa the main end-products of 
Propionibacterium t?entoaace\Mtt metabolism, Stahly (1956) 
found that Aerobaclllus polmavxa (Bacillus polTOTxa) will 
dissimilate xylose and glucose to form C02» H2, ethyl 
alcohol, acetylmethyl carbinol, 2, 5-butylene glycol, 
acetate, formate, lactate and succinate, Underkofler 
et al, (19S6) in a study of the butyl-acetonic ferment­
ation of xylose and other sugars by Clostridium 
acetobutylicum showed that xylose and hexoses formed 
butyl alcohol, acetone and ethyl alcohol in the ratio of 
60:50:10, Arablnose differed slightly with a ratio of 
50:40!l0 (Underkofler and Hunter, 1958), 
An interesting observation was made by Peterson and 
Fred (1920) in an investigation of the metabolism of xylose 
by certain pentose-fermenting bacteria. In the presence of 
sodium sulfite as an aldehyde fixative, acetaldehyde was 
isolated from the incubation mixture. The acetaldehyde 
did not arise from pyruvate, since the latter compound 
yielded no aldehyde when metabolized in the presence of 
sulfite. It was subsequently shown by iii»ed ^  (1921) 
that the principal end-products of arablnose and xylose 
fermentation by pentose-destroying bacteria are acetate 
and lactate. The acetate could thus possibly arise from 
a C2-C3 split of pentose in which acetaldehyde and acetate 
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ap6 derived from the 2-carbon fragment• Stanier and Adams 
(1944) detemined the fermentation products of pentose 
and hexose by Aeromonaa hydrophilia (Paeudomonas hydrophtlia) 
and fouM the end-products to consist of 2, 3-butylene 
glycol, ethanol, acetate, lactate, COg, Hg and traces of 
acetoin and succinate. 
Allsopp (1957) isolated oxalic acid from the feiraient-
ation mixture of hexoses and pentoses by Aspergillus niger. 
He postulated that the initial step in the metabolism of 
the sugar is the production of a keto acid, which in the 
case of glucose would involve the formation of fructuronic 
acid. This compound would cleave to form oxalic acid and 
erythrol. 
In some organisms the metabolic patterns differ great­
ly from those listed above, Lockwood and Nelson (1946) 
found that Pseudomonaa will oxidize the free pentoses to 
their corresponding pentolc acids, Berencsi and Illenyl 
(1938) showed that Bacillus prodi^ losus (Serratla m&rcescens) 
formed ascorbic acid from xylose, Barham and Smits (1936) 
isolated kojic acid as the exclusive end-product of xylose 
metabolism by Aaperglllua flavus. Using inhibitors, Gould 
(1938) found that the conversion of xylose to kojlc acid 
Aspergillus tamarll does not take place via phosphorylated 
intermediates. 
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nucleic Acids in Bacteria 
The nucleic acids studied in bacteria include the two 
species of nucleic acids found universally in all living 
cells, i.e*, ribose nucleic acid (RN&) and desoxyribose 
nucleic acid (DNA.)» Bacteria are particularly rich in 
nucleic acids which may account for as rauch as 20 per cent 
of the dry weight (Belozersky, 1947), Both types of nucleic 
acid are present, the ratio of RK& to DM, being usually of 
the order of 2tl or 3il (Vendrely, 1946), The ratio, 
however, varies over a wide range according to the age of 
the culture (Malmgren and Heden, 1947), The nucleic acids 
accumulate in the cell during the latent period and only 
when a sufficient stock has been built up does cell division 
begin, Huclear material then increases proportionately with 
the rate of cell division until the logarithmic phase is 
passed, and at the end of the growth cycle the nucleic acid 
content of each individual bacterium is back to the same 
initial level. 
The known physiological roles of the nucleic acids in 
microorganisms include their participation as part of the 
hereditary units of the cell and their involvement in the 
transformation of bacterial types. 
The existence of a bacterial nucleus containing 
considerable amounts of DHA, has been demonstrated by the 
specific staining techniques of Robinow (1946), He 
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demonstrated the morphologloal equivalent of a nucleus. 
Further supporting evidence has been obtained by the use 
of enzyme tests (Boivin, 1947) and ultra-violet microscopy 
(Malmgren and Heden, 1947), 
The best characterized bacterial nucleic acid is that 
derived from pnemococcus, Avery et al, (1944) have 
prepared from type III pneumococci a biologically active 
fraction which in exceedingly minute amounts was able to 
induce a transformation of uncapsulated R variants of 
pneumococcus type II into fully capsulated S cells of 
pneujaococcus type III, The transforming principle was 
devoid of protein, lipid or serologically reactive poly­
saccharide and appeared to consist of a highly polymerized 
viscous form of desoxyribose nucleic acid, 
Henry and Stacey (1946) have shown that the Gram 
positive constituent of bacteria is a nucleoprotein formed 
by the combination of rlbose nucleic acid with a basic 
protein in the bacterial cell. The Gram positive material 
can be extracted from the cell surface by treating the 
bacteria with a solution of sodium cholate. When the 
extracted nucleic acid is replated onto the Gram negative 
cytoskeleton, the bacteria become Gram positive once more. 
The mode of action of penicillin on bacteria has been 
related to an interference with the nucleic acid metabolism 
of the cells, Krampitz and Werkman (1947) showed that 
penicillin inhibits the dissimilation of the cellular RM 
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and th® RM added as a substrate to resting cells of 
Staphylococous aureus (Mloroooocus pyogenes var, aureus) 
and other bacteria. The point of inhibition of nucleic 
acid dissimilation was not determined, Cytochemical 
studies using aureus and other Gram positive 
microBrganisms have indicated that penicillin does not 
interfere with the activity of ribonuclease (Dufrenoy and 
Pratt, 1948), Macheboeuf (1948) and Pratt and Dufrenoy 
(1949) believe that penicillin blocks the catabolism of 
the mononucleotides, Mitchell (1949) studied the effect 
of penicillin on growing cells of S. aureus. He proposed 
that penicillin reacts initially with components involved 
in nucleotide dissimilation, and that the disturbance of 
nucleotide balance which follows in the growing cells leads 
immediately to other complex changes. 
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MEIHODS AKD MATERIALS 
Organisms 
The organisms employed In the following investigations 
were Baeherichia coll E-26 (Iowa State College laboratory 
culture). Micrococcus pyogenes var, aureus A.T.C.C, 182 
and Proteus morganil A »T.0,C• 8019, 
E, coll was grown in a medium of the following compo­
sition! 1»5 per cent peptonized milk, 0,75 per cent 
K2HP04«3H20, 10 per cent tap water and made to volume with 
distilled water. The phosphate was dissolved In the tap 
water and adjusted to neutrality with concentrated H2SO4. 
The solution was sterilized separately and added aseptically 
to the other portion of the medixim immediately before 
inoculation. 
One hundred ml, of medium were initially Inoculated 
with E, colli after incubation for 12 hours at 37®C, the 
100 ml, were added to 1 liter of medium and Incubated for 
12 hours at S7®C, This was then added to nine liters of 
medium contained in a 12 liter Florence flask. The medium 
was vigorously aerated for 14-18 hours at 30®C, by means of 
compressed air passing through an aerating stone, 
M* Pvogeties var, aureus was grown in a medium consist­
ing oft 0,5 per cent gliicose, 0,5 per cent peptone, 0,4 
per cent yeast extract, 1,5 per cent K2HP04,3H20, 10 per 
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cent tap water and made up to volume with distilled water. 
The inoculum was prepared similarly to that of E. coll. The 
cells were grown for 15-20 hours at 50®C» with moderate aer­
ation. 
Proteua morganll was grown in a meditun containing* 
1 per cent tryptone, 0.5 per cent glucose, 0,5 per cent 
yeast extract, 1 per cent 10 per cent tap water 
and made to volume with distilled water. The inoculum was 
prepared similarly to that of E. coll. The cells were grown 
14-18 hours at 50°C, under vigorous aeration. 
The cells were harvested in a Sharpies centrifuge. 
The cell paste was washed twice with distilled water and 
spun down after each washing in a high speed angle centrifuge. 
Bacterial Inzyme Preparations 
Untreated cells. 
The cell paste obtained after washing was made up to 
a convenient volume prior to addition to the contents of the 
reaction vessel. Storage of the untreated cells for more 
than one day was avoided. 
Acetone-treated cells. 
The paste of fresh cells was shaken thoroughly with 7 
parts of ice cold acetone for 5 mln. The cells were filtered 
off, suspended in 14 parts of acetone and shaken for 10 rain. 
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The secoM acetone treatment was repeated. After filtration, 
traces of adherent acetone were removed by evacuation, 
Lvophlllzed cells* 
Eceah cells were suspended in a minimum amount of 
distilled water and transferred into a 500 ml, round 
bottom flask. This suspension was frozen in an acetone-
dry ice bath. The flask containing the frozen culture was 
evacuated. The cells were dehydrated in the frozen state. 
The activity of the acetone-treated and the lyophilized 
cells remains constant for several months when stored in a 
desiccator in the cold. 
Cell-free extracts (lulces). 
A cell free extract was made from a suspension of 7 
grama of wet cell paste and 5 grams of glass beads (0,2 mm, 
diameter) in 20 ml, of solution. In several instances 
additions were made to this suspension prior to treatment, 
and will be noted when used. The suspensions of E. coli 
and ffiorganli were exposed for 20 minutes and M, pyogenes 
var, aureus for 30 minutes in a Raytheon 9 kc. 
Magnetostriction Oscillator, Dviring sonic treatment, the 
cup contents were kept cool by circulating ice-cold water 
through the apparatus with the aid of a circulating pump. 
The glass beads and cell debris were immediately removed 
by centrlfugatlon In the cold for 20 min, at 12,000 r.p.m. 
The cell-free extract was used without delay or stored in 
the frozen state, 
g^ pactionation with ammonixtra sulfate. 
fractionation of the cell-free extract was carried 
out with (M^ )2S0^ , The (HH4)gS0^  was added to the Juice 
either in the solid form or as a saturated solution which 
was adjusted to pH 7.5 with concentrated Mg, 
When solid (M4)2S0^  was added to the cell-free 
extract, the per cent saturation of the resulting mixture 
was calculated on the basis that 76 grams of (1^ 4)230^  
added to 100 ml, of juice constitute a 100 per cent 
saturated solution, b^llowing the addition of the (1114)2304, 
the juice was stirred in an ice bath for 10-15 min. The 
mixture was then centrifuged in a refrigerated centrifuge 
for 10 min, at 12,000 r,p,ra. The precipitated fraction 
was triturated with cold water and dialyzed in a collodion 
bag against 4 liters of distilled water at 4-6°C, 
When specific intermediate fractions were desired, 
(NH4)2S0^  fractionation was carried out by the dropwise 
addition of a neutral solution of (NH4)2S04 saturated at 
room temperature (76 grams of (13114)2304 in 100 ml, of 
distilled water brought to pE 7,5 with concentrated MH3), 
The mixture was stirred in an ice bath until all the 
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(NII^ )2S0^  was added, centrlfuged In the cold and the 
precipitate dissolved In a small amount of water. The 
dialysla was carried out as described previously. 
To obtain Intermediate fractions the addition of 
saturated (SH^ )230^  was calculated from the fonnulaj 
(ml.) (actual saturation) + (x) (100^  
x) (desired saturation) 
where x is the ml, of 100 per cent saturated (1^ 4)2304 
required to increase the actual saturation to the desired 
saturation. 
Alumina C-gamma fractionation. 
When additional purification of the (M^ )gSO^  
fractionated bacterial enzyEzies was sought, an attempt was 
made to adsorb the enzyme on alumina, Altamina suspension 
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of the modification C-gamma was used (Willstatter and 
Kraut, 1923)• To 930 ml, of water maintained at 58®C, were 
added 270 ml, of 7,4 per cent Nfl^ OH and 44 grams of 
(NH4)2S04# The mixture was stirred and 163,4 grams of a 
solution of NH4A1(S04)2 at 58®C, was added rapidly in one 
lot. The temperature rose to 61°0, and was maintained at 
this temperature for 15 mln, with constant stirring. The 
precipitate was washed repeatedly, by decantation, with 
10 liters of water. After the fourth washing, 216 ml, of 
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7.4 per cent KH4OH was added to the wash water in order to 
decompose the basic aluminxim sulfate. The washings were 
repeated 14 times. The last three washings required a few 
days interval. The al\imina gel was suspended in waterj 
the final concentration was 187 mg, per ml. It was allowed 
to stand for several weeks prior to use. 
Purification of the (NH^ )gSO^ -treated and dialyzed 
cell-free extract with C-gamma was carried out in the 
following manner: The partially purified extract was ad­
justed to pH 5-5,5 with acetate buffer, pH 4,0, One ml, 
of C-gsuoma suspension was added to 5 ml, of the acidified 
extract. The mixture was stirred for 20 minutes in the 
cold and the precipitate was collected after 10 minutes in 
the refrigerated centrifuge. The precipitate was washed 
once with cold water and then extracted for 20 minutes 
with buffer, usually 0,2M phosphate buffer, pH 7,6, The 
sediment was collected after 10 minutes centrifugation in 
the cold. The supernatant, wash water and eluate were 
tested for the presence of enzyme. 
Preparation of Mammalian Enzymes 
For certain axixiliary purposes, mammalian enzymes were 
used to study details of reactions, to determine reaction 
products, or for comparative purposes. 
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Aldolase, 
Crystalline aldolase was prepared from rabbit muscle 
according to the method of Taylor ad« (1948), The 
skeletal muscle was ground in a Waring blendor, extracted 
in the cold with 2 equal volumes of cold water and strained 
through gauze. The cold extract was adjusted to pH 7,5 
with dilute NaOH and brought to 0,45 saturation with a 
solution of (KH^ )gSO^  (saturated at room teaperature and 
adjusted to pH 7,5 with concentrated M^ )* The (HH^ )2S0^  
was added over a period of 15-20 minutes while the mixture 
was kept cold and stirred. The precipitate was removed by 
filtration in the cold and discarded. Saturated 
pH 7,5, was added to the clear filtrate to make the 
saturation o,53. The solution was stirred while standing 
in the cold. After standing overnight in the cold, 
crystallization was speeded by allowing the solution to 
warm to room temperature, followed by a return to the cold. 
The crystals were removed by filtration, and the material 
collected from the filter paper by dissolving in a small 
amount of water. The solution was brought to pH 7,5 and 
to 0,5 saturation by the cautious addition of saturated 
(11114)2304, pH 7,5, The crystals were again removed by 
filtration and taken up in a small amount of water. This 
enzyme preparation stored in the frozen state, remained 
active for more than one year. 
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The activity of the enzyme was tested on using hexosedi-
phosphate as the substrate and the trlose phosphate was 
assayed by (a) mineralization of the alkali labile organic 
phosphate linkage with IN NaOfi and (b) the reduction of 
coenzyme 1 by triose phosphate in the presence of triose 
phosphate dehydrogenase was measured by followin^ g the 
appearance of the characteristic dihydrocoenzyme band at 
340 m;u,, fhe aldolase was found to be highly active, 
Triose phospliate dehydrogenase. 
This enzyme was prepared from rabbit muscle according 
to the method of Cori £t (1943) • The muscles were 
homogenized in the Waring blendor, extracted twice with, 
an equal volume of cold 0»0SN KOH and strained through 
gauze. Saturated (1111^ )230^  solution, pH 7,5, was added to 
0,52 saturation over a period of 10-15 min,, followed 
liamediately by filtration. To each 100 ml, of filtrate at 
0,52 saturation, IS grams of solid (M^ )2S0^  was added, 
which brought the saturation to 0,72, As soon as the salt 
was dissolved with gentle stirring, the solution was filter­
ed through folded paper, Iha filtrate was adjusted to pH 8,3 
with 15 per cent M^ OH and allowed to stand for 15 hours in 
the cold. The crystals were separated by filtration 
(Whatman No, 1) over a period of 24 hours. The crystalline 
precipitate was removed from the paper with water and 
centrifuged. Two volumes of saturated (NH4)2S04 solution. 
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pH 8«3, were added for each volume of water used in the 
solution of the crystals# Crystals appeared after several 
hours and were removed by centrifugation in the cold, 
The activity of the enzyme was determined by following 
the reduction of coenzyme 1 at a wave length of 540 m yu- in 
the Beckman spectrophotometer. 
Adenosine deaminase. 
This enzyme was prepared from calf intestine by the 
method of Brady (1942), The purification was carried as 
far as the salicylic acid precipitation. The preparation 
remained highly active when stored in the dry state. 
Analytical Procedures 
Manometric methods. 
The Barcroft-Warburg apparatus was employed to measure 
metabolic gaseous exchanges. All reactions were carried 
out at 50,4°C, The conventional 18 ml, flask with 2 side 
arms was used. Anaerobic fermentations were carried out in 
an atmosphere of 95 per cent Ng and 5 per cent COg, In 
aerobic experiments 10 per cent KOH was used to absorb the 
metabolic COg, Carbon dioxide was liberated from the medium 
by the addition of ION HgSO^  from one of the side arms. 
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Spec tropho tome try« 
The Becicman spectrophotometer, model was used to 
carry out ultra-violet spectrophotometric measureiaents • 
Purified enzymes were used when the reactions were run in 
the cuvette. The reactions were carried out at room 
temperature and followed by measuring the optical density 
(® log ) at specified time intervals, 
T" 
Phosphate determination. 
fhe Flske and SubbaHow (1925) method was employed for 
total and inorganic phosphate deteminations • The color, 
which was developed by allowing the mixed reagents to 
stand for 3.5 minutes, was read at 660 m in a Klett-
Stuamerson photoelectric colorimeter. The phosphate was 
determined by comparison with standards prepared under 
identical conditions. The range determined was within the 
limits 4-40 micrograms. 
Total phosphate was determined by first ashing the 
sample in a micro-Kjeldahl flask with 4 drops of concentrated 
HgSO^ # This was followed by the addition of 5 drops of 
HgOg and heating until the peroxide was decomposed. The 
sample was diluted and the inorganic phosphate determined. 
The Lowry and Lopez (1946) method was used to determine 
phosphate in the presence of labile phosphate esters. To 
"• 38 "• 
avoid losses of labile organic phosphate dxiring the de-
proteinization with perchloric acid, the mixtures were 
partially neutralized by adding sodium acetate solution 
as specified, but prior to centrifugation. By this 
modification the samples were exposed to perchloric acid 
not longer than 1 min. The color was read in a Klett-
Suiomerson photoelectric colorimeter at 660 and the 
phosphate determined by comparison with standards obtained 
under Identical conditions. The range was 2-'12 micrograms 
of phosphorus per sample, 
Aiamonia determination. 
Ammonia was determined by nesslerlzation, Hessler's 
solution was prepared as follows: To a 1000 ml, volumetric 
flask were added 45,5 grams of Hgig and 34,9 grams of KI, 
To this solution there were added 112 grams of KOH, The 
flask was cooled and diluted to volume with distilled 
water. The reagent was allowed to stand for several days 
before being used. The clear supernatant liquid was 
siphoned off for use. 
The ammonia was determined In the deprotelnlzed and 
neutralized sample contained in 8 ml, of water. On© ml. of 
gum arable and 1 ml, of Nessler^ s solution were added. The 
color was determined with the Klett-Summerson photoelectric 
colorimeter using the 490 mjx. filter. This method Is 
accurate for samples containing 20-150 micrograms nitrogen. 
The gum arable solution was prepared by mixing 2 
grams of gum arable and 1 gram of NagHPO^ .lSEgO in 100 ml. 
of distilled water. The solution was allowed to stand for 
one-half hour and was filtered before use. 
Pentose detemaination. 
Pentose was determined on deprotelnized samples by the 
method of Mejbaum (1939), To 1,5 ml, of orclnol reagent 
(0,1 per cent in concentrated HCl, containing 1,0 
per cent orclnol), 1,5 ml, of water containing, the sample 
waa added and the mixture heated in a boiling water bath 
for 40 min. After cooling, the volume was adjusted to 5 
ml, with water, and the color read at 660 mjji' in the Klett-
Summerson colorimeter. 
The 0,1 per cent FeClg in concentrated HOI was prepared 
as a stock solution and the orclnol (recrystallized from 
chloroform) was added before use. 
The modified orclnol test (Paege and Schlenk, 1950) 
was used for substituted pentoses which did not respond to 
the Mejbaum method. 
Protein determination. 
Proteins in cell-free extracts were quantitatively 
determined by the biuret method of Weichselbatam (1946), 
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The color was developed in 30 minutes at 30®C, and read 
at 545 m/UL in the Beckman spectrophotometer* A standard 
curve was prepared using a cell-free extract of 
Escherichia coli as a source of protein. The protein in 
the standard was detarmined hy digestion, distillation and 
titration of the ammonia with standard acid. The range in 
biuret protein determination included 0,5-2,0 mg, nitrogen 
per sample, 
Hypoiodlte titration. 
An excess of standard iodine and of alkali were added 
to the aldehyde which was to be dete3?mined. The alkali 
was added dropwlse in the approximate ratio of 3 equivalents 
of NaOH to 2 equivalents of iodine. The container was 
stoppered and incubated in the dark for 1 hour. The solution 
was then acidified and the excess iodine titrated with 
standard thiosulfate, 
ml, lo X M Ip 
 ^  ^ s laM aldehyde 
2 
Glycolaldehvde determination. 
Glycolaldehyde was determined in protein-free filtrates 
according to the method of Oiache and Borenfreund (1949), 
To 1 ml, of the unknown to be tested, 0,2 ml, of 100 per cent 
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trichloracetic acid and 2,4 ml, of freshly prepared one 
per cent solution of diphenylamine (recrystallized from 
70 per cent alcohol) in pure glacial acetic acid were added. 
The test tubes were vigorously shaken ami immersed in a 
boiling water bath for 50 minutes. The grass-green color 
was read in the Beckraan spectrophotometer at 660 mjjl and 
580 m The difference in the readings at these two 
wave lengths was found to be proportional to known concen­
trations of pure glycolaldehyde, 
It was found, however, that known concentrations of 
glycolaldehyde added to protein solutions did not yield a 
strict porportionality to the difference in optical density 
at 660 and 580 mjuL* This was due to the presence of 
interfering carbohydrates in the protein-free filtrate. 
At best, the test could be used semi-quantitatively to 
measure the disappearance of glycolaldehyde added to a 
biological system. 
Volatile acid determination. 
Volatile acids in protein-free filtrates were determined 
as follows: The solution to be analyzed was made acid to 
Congo red paper with concentrated H2SO4 and steam distilled 
until 12-15 volumes were collected. The distillate was 
then titrated with standard NaOH* 
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Paper ohromatography. 
Paper chromatography of known sugars and those suspect­
ed In reaction mixttires were run on an ascending paper 
(Whatman No, 1). Squares of paper (8 em, x 8 cm.) were 
stapled in the form of a cylinder so that each could stand 
upright in a wide mouth 5 pound jar fitted with a screw 
cap. Water solutions of the known and unknown sugars were 
placed on the paper cylinders at marked spots at 1-2 inch 
intervals located on a line 0,5 inches parallel to the base 
of the filter paper. The spots were dried at room temper­
ature and the cylinder placed in the jar containing 50 ml, 
of the solvent. Two different solvents were used. When 
phosphorylated sugars were analyzed, the solvent of Cohen 
and Scott (1950) was usually employed. This consisted of 
80 per cent ethyl alcohol containing 0,8 per cent acetic 
acid at pH S,5, The solvent described by Benson et al, 
(1950) was also used. It consists of butanol, acetic acid 
and water in the ratio of 74:19:50, The fo3*mer solvent 
had the advantage of giving larger values for the 
phosphorylated sugars. 
The paper chromatogram was usually run overnight at 
50®G, Rj^  values were not determined} instead, parallel 
runs of known compounds were run on the same paper for 
purposes of comparison. The paper was dried of all 
solvent at room temperature and spots developed by the 
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differential spray technique of Partridge (1948). The 
aldoses could be differentiated from the ketoses by this 
method. The aldose spots were developed by spraying the 
paper with an aniline hydrogen oxalate reagent (0,9S grams 
aniline in 50 ml, ethanol mixed with an equal volume of 
0,2M-aqueous oxalic acid). After spraying, the chromato-
grams were heated for 10 minutes at 110°C, The reagent 
gave a very characteristic red color with the pentoses. 
Very little color was given with the ketoses. 
To identify the ketoses, a naphthoresoncinol-
trichloracetio acid spray was used (0,2 per cent 
naphthoresoncinol in ethanol mixed with an equal volume 
of 2,0 per cent trichloracetic acid in water before use). 
The sprayed chromatogram was heated for 5-10 minutes at 
100®C. The pentoses gave a blue color after standing for 
several hours at room temperature. 
Preparation of Compounds 
Fructose 1,6-diphoaphate. 
This sugar was prepared from the impure commercial 
calcium salt. Five graiaa of calcium fructose 1,6 di­
phosphate were added with stirring to 25 ml, of water, A 
alight excess of oxalic acid {2,5 grams) was added and the 
mixture thoroughly mixed. The solution was adjusted to 
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pH 4 with Ba(0H)2»8H20 (4.5 grams}. One fourth volume of 
alcohol was added and the mixture centrlfuged. Three 
volumes of ©thjl alcohol were added to the supernatant and 
the precipitate collected by centrifugation. The first 
fraction precipitated with 25 per cent alcohol was extract­
ed with water, reprecipitated with 25 per cent alcohol and 
centrifuged# Three voltimes of ethyl alcohol were added to 
the supernatant and the precipitate collected. The 
precipitates were combined, washed twice with ethyl alcohol 
and dried under vacuiun. The purified barium fructose 1,6-
diphosphate crystallized with one molecule of water and with 
a molecular weight of 628, 
When used for biological experiments, the barium was 
removed by adding an equivalent amount of H23O4,, the BaSO^  
was centrlfuged off and washed several times with waterj 
the combined aupernatants were neutralized and adjusted to 
a specific volume, 
Inoainic acid. 
Inosinic acid was prepared from horse muscle# by a 
modification of the procedure described by Ostern (1952), 
Commercial packaged frozen meat was found to be an inferior 
source. The main steps in the isolation of the inosinic 
•^Kindly supplied by Prof, G, R, Fbwler of the Department of 
Veterinary Surgery, 
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acid were (1) extraction (2) removal of Inorganic phosphate 
(3) precipitation with ajerctxric acetate and (4) isolation 
of the harlum salt, 
(1) Extraction, The muscle tissue was excised from 
the animal as soon after death as feasible, freed from the 
more extensive portions of fat and connective tissue and 
ground twice, course and fine, in a mechanical meat grinder. 
Hot more ttian three hours elapsed between death sad 
completion of the second grinding. The pulp was stirred 
with one half volume of water (pre-imrmed, but not hot) to 
give a temperature of about 50®C, The mixture was incubated 
at room temperature with occasional stirring for 2-3 hours, 
depending on the speed of the excision and grinding of the 
tissue. An equal volume of 10 per cent trichloracetic acid 
solution (technical grade) was next added, and after 
thorough stirring the mixture was left to cool overnight 
in the refrigerator. The mixture was filtered through three 
layers of gauze and the adherent fluid squeezed manually 
(rubber gloves) from the residue. This was followed by 
mechanical pressing. A second extraction of the residue 
proved to contain little Inoslnlc acid and was discarded. 
The combined extracts were clarified by filtration through 
large folded filter papers, 
(2) Removal of Inorganic phosphate. The filtered 
solution was adjusted to pH 3-8,5 with strong sodium 
hydroxide solution. The approach of neutrality was 
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indicated by the appearance of a turbidity due to residual 
protein. This was removed by filtration or Sharpies 
centrifugation, when large volumes were encountered, Fifty 
ml, of a 20 per cent solution of barium acetate were next 
added per kilogram of extracted tissue. Although this 
represented a large excess of barium acetate it was found 
to be expedient for settling the mercuric precipitate in 
the following steps. After standing, the clear supernatant 
triiich contains the nucleotide was siphoned off. The 
remaining material was centrifuged and the precipitate 
washed carefully. If the solution remained milky, it was 
centrifuged in a Sharpies or filtered, 
(3) Precipitation with mercuric acetate. The solution 
and wash liquids from step 2 were adjusted to pE 5 with a 
small amount of acetic acid, followed by the addition of 
mercuric acetate (20 per cent in 2 per cent acetic acid). 
After checking for the completeness of precipitation, the 
solution was allowed to stand for a short time while the 
bulk of the precipitate settled out. The clear supernatant 
was siphoned off and the remaining precipitate centrifuged 
ana washed with water. The precipitate was taken up with 
an equal volume of water and shaken to yield a fine 
suspension. To insure uniformity, the suspension was driven 
n 
through the holes of a Buchner funnel (without paper). 
Slight suction was applied and the large particles were 
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crushed with spatula# The suspension was then treated with 
hydrogen sulfide until the mercurate precipitate was 
completely decomposed. The mercuric sulfide was removed 
by filtration through folded filters and the precipitate 
•washed with very liberal amounts of hot imter. The excess 
hydrogen sulfide in the filtrate was removed by aeration 
or brief vacuum distillation, 
(4) Isolation of barium salt. To the combined solutions 
a heavy susper^ ion of freshly precipitated barium carbonate 
waa added in small installments until some of it remained 
\indissolved, A pH of 5-6 was obtained by this procedure. 
Without removing the sediment, the solution was concentrated 
by vacuum distillation {bath below 50*^ 01 water aspirator) 
to a volume of 100 ml, for each kilogram of meat used. The 
solution was warmed to 70-80®C, in a water bath and ad­
justed to pH 8,5 with hot saturated barium hydroxide solution. 
The solution was brought to a boil without delay and filter­
ed through heated funnels. The filter residue was extracted 
by boiling a few minutes with about 5 volumes of water, and 
the filtrate of this combined with the main solution. 
Crystallization of barium inosinate began after cooling and 
was complete after 24 hours standing in the cold. The 
crystals were separated and recrystallized from water. The 
solution concentrated further; the second and third crops 
were treated in the same fashion. 
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The yield was 1-1«5 grams of "barium inosinate per 
kilogram of tissue. The composition is C2_oH^ ;}_N403PBa-v 
7,5 HgO} 11 #5 x 10® at 24Q xajos. and pH 7.0. If the 
aodium salt is desired, satisfactory removal of Ba"^  by 
sodium sulfate was obtained, provided all the barium 
inosinate dissolved. With concentrated suspensions, Ba 
was removed by the calculated amount of HgSO^ , followed 
by adequate washing of the barium sulfate and neutralization 
of the combined liquids with sodium hydroxide, 
Rlbose^ S-phosphate, 
Ten millimoles of barixim inosinate were dissolved in 
100 ml, of 0,15M HgSO^ , which gave a final concentration of 
0,1N H2S04, Without removing the barium sulfate, the 
mixture was Immersed into a vigorously boiling water bath. 
Care was taken to keep the volume constant. Fig, 1 shows 
that the minimum time for complete hydrolysis of the 
glycosidic bond would be 2 hours. It was found advisable 
to hydrolyze 5 hours to avoid contamination of the final 
product by small amounts of starting material whose separation 
from barium ribose phosphate is difficult, 
Adenosin®-5*-phosphoric acid may be used instead of 
inosinic acid. The hydrolysis in 0,1N H2SO4 would have to 
be extended to 4-5 hours. Splitting of the glycosidic 
linkage is fast compared with that of the phosphate ester 
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linkage* The losses from the latter reaction do not exceed 
15-20 per cent (see fig, 1), 
The mixture was cooled after hydrolysis and hypoxanthine 
(adenine) removed hy silver precipitation. Somewhat more 
than the calculated amount of silver sulfate solution was 
added and the completeness of precipitation ascertained. 
The mixture was cooled for several hours followed by 
centrifugation and washing of the precipitate, Hypoxanthine 
(adenine) was removed from the supernatant and wash liquids 
by treatment with hydrogen sulfide. The excess of hydrogen 
sulfide was removed by passing a stream of air through the 
solution. This operation also decreased the adsortive 
capacity of silver sulfide which otherwise tends to retain 
some of the ester. When the mixture was nearly odorless, 
the precipitate was removed by filtration and washed with 
hot mter. The solution was suijusted to pH 6-7 with 
saturated barium hydroxide solution and, disregarding a 
slight precipitate at this point, it was concentrated by 
vacuum distillation to a voltime of 50 ml. More barium 
hydroxide was added to adjust the pH to 8,5* The precipitate 
was centrifuged down and washed repeatedly with small amounts 
of water. The combined solution were precipitated slowly 
with 5 volumes of alcohol. After standing, the barium salt 
of the ester was centrifuged, washed with alcohol and dried 
in a desiccator, fbr further purification, the barium 
rlbose phosphate was dissolved in water (15 ml, for each gram)• 
Fig# !!• Hydrolysis of Inosinio Acid, Meji^ rXie Acid aissl 
Eitoos®-6-?hospboi»ie Aeii in 0.»1 I HgSO^ * 
Sxperiaieufcal eoMitionsi fhd i«apl«s were imewed 
in a boiling water batli* Splitting, of fell® 
glyeoiidie iijnkag® w&a aieaiured hj th® hypoiodite 
i»®aotioa« CuTT® iu\ inoaiaic aeidf (•) 
ad©no0in®.«5»-p'liospb.e)2*io acia» I»ib»ration of 
pho.sphorlc. acici was f©llow®d "by ©olopimetric 
ia©a8ur«®at» Qm?v& (o) adenosim-S'-phosplaoric 
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Careful and repeated triturations of the sticky residue 
with the addition of small Amounts of water dissolved all 
of the ester. The preclpltite was separated each time by 
eentrifugation. The remaln:ihg material consisted mainly 
of barium phosphate and carliionate. The combined extracts 
were precipitated with alcohol as before. 
The barlixm salt of rlbi)se-5-phoaphate obtained in this 
way contaliMJ about 2 molecujj^ es of water. The yield after 
one reprecipitation was 50-I5D per cent* i ' 
\ I 
! I 
Goen&yiae 1 (DfS) , \ 
Coenzyme 1 of 90 per cent purity was prepared by the 
i 
method described by Schlenk and Schlenk (1947), The yeast 
I 
used as a source material was ii^ n^dly donated by the 
/ \ 
Anheuser-Busch Company, St, Louis, The preparation was 
stored in a desiccator and! dlsaollved freshly before use» 
/ \ i \ 
\ 
Adenine thlomethyl pentose« 
This compound was isolated from yeast by an improved 
method described by Schlenk and [Gingrich (1944), The 
procedure consisted of extractloin with boiling water, re­
peated alcohol precipitations, :^ e^nol extraction and 
crystallization. The purity of |the compound was confii^ ed 
by its characteristic absorptioai Spectrum, 
/• 
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Adenine, glutamlne. rlbose and rlbose nucleie add. 
Adenine sulfate was a commercial product obtained from 
Sastman Kodak Co,, Rochester, N. Y, Its purity was con­
firmed by determination of its molecular extinction value 
spectrophotometrically at 260 mjiL • Glutamine was obtained 
from Lederle, Ribose was a commercial product of Lemke 
and its purity was checked by a quantitative pentose 
deteirmination and hypolodlte titration, Ribose nucleic acid 
was a commercial product of Schwartz, 
Muscle adenylic add and veast adenylic acid^  
Xeast adenylic acid was a commercial product of Lemke, 
Muscle adenylic acid was prepared as a by-product of 
cozymase preparation, fhe purity of both compounds was 
checked spectrophotometrlcally, and by pentose and phosphate 
determination. 
Adenosine and Guanosine> 
These nucleosides were prepared from commercial ribose 
nucleic acid by the method of Bredereck ^  (1941), The 
ccanpounds were checked for purity spectrophotometrlcally 
and by pentose determination. 
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Xanthoalne. 
This compound was prepared from guanosIrxe by treatment 
with nitrous acid according to the method described by 
IiBvene (1951), It was found necessary to isolate xanthosine 
via the mercury salt. Purity of the compound was checked 
by its absorption spectrm and pentose determination, 
Isoguanine and Isogiuanosine. 
These compounds were obtained through the courtesy 
of Dr, J, R, Spies, U, S, Public Health Services, The 
identity was confiamed by the characteristic ultra-violet 
spectra, 
Glvoeraldehvde phosphate. 
This compound was kindly supplied by Dr. H, 0, L, 
flscher. University of California, Berkeley# 
GlTColaldehvde phosphate. 
Sleury and Courtois (1941) and Fleury ^  aj,, (1948) 
found that glycolaldehyde phosphate can be prepared by the 
treatment of i<-phosphoglycerol with periodic acid (HIO^ ), 
Directions given by these authors are limited and it was 
fourKl necessary to modify the method slightly* 
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A solution containing 5 grams of CgHi^ OgPCa.SHgO 
(0«02 moles) were freed from calcium toy shaking with the 
calculated amount of oxalic acid. The resulting solution 
was treated with a slight excess of HIO^ S^HgO (0,022 moles) 
at room temperature for 1 hour. Freshly prepared BaCO^  
suspension was added to adjust the mixture to pH 2« It 
was then cooled, filtered and the precipitate washed with 
a small amount of water. The precipitate was discarded. 
More BaCOg was added to the filtrate until the pH 
reached 4, The precipitate was filtered and washed with 
ethyl alcohol and ether (fraction 1), This fraction 
contained very little glycolaldehyde phosphate. The 
filtrate was neutralized to pH 8 with Ba(OH)g. The 
precipitate was filtered off and washed with alcohol and 
ether. This fraction contained significant amounts of 
glycolaldehyde phosphate, but it was not completely free 
of interfering material (fraction 2), To the filtrate of 
fraction 2, an equal volume of ethyl alcohol was added. 
The mixture was kept in the cold overnight and the 
precipitate centrifuged off, washed with alcohol and ether 
(fraction 3), The compound was identified by phosphate 
determination aal the determination of aldehyde equivalent 
by the method of Wlllstatter and Schudel (1918), When used 
In the biological experiments, the barium ion was removed 
by treating a solution of the salt of glycolaldehyde phos­
phate with Na2304, 
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GlycolaldelXYde « 
Glyoolaldehyde was prepared from dloxymaleio acid 
bj the method of Slacher and Taube (1927)« Dloxymalelc 
add was synthesized from tartaric acid according to 
Heuberg and Schlenk (1915), 
To a solution of 6 grams of 5\9S04 grams of 
potassim sodium tartrate in a beaker containing 120 ml# 
mter, a solution of 500 grams of tartaric acid dissolved 
In 120 ml# hot water were added# The mixture was cooled 
and the temperature kept below "29 in an acetone-dry ice 
bath during the dropwlse addition of 200 ml# of SO per 
cent hydrogen peroxide. The mixture was vigorously stirred 
to avoid local excesses of peroxide. After completion of 
the reaction, the mixture was placed in a deep freeze for 
2 days. The dioxymaleic acid was filtered off and washed 
free of admixed iron salt with cold water, Another batch 
of dioxymaleic acid was obtained from the filtrate by the 
addition of H2SO4. The filtrate was cooled in an acetone-
dry ice bath and 120 ml. of a mixture of 1 part H2SO4 
(containing S3 per cent anhydride) and 5 parts ordinary 
concentrated H2SO4 was added dropwlse. The temperature 
was alira.ys kept below -2®# The mixture was again placed 
in the deep freeze for a period of 2 days# The precipitate 
was filtered off freed of sulfate ion with a small emiount 
of ice cold water and dried over H2SO4 in a desiccator. 
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The dry dloxymaleic acid was decarboxylated with dry 
(20 hours over KOH), redistilled pyridine» Twelve gr&ras 
of dloxymaleic acid were treated with 51 ml, of pyridine. 
The mixture was distilled under vacuum (water aspirator) 
at a bath temperature of 30-55®C« When the pyridine was 
distilled off, the bath temperat\ire was increased gradually 
to 150®C, and the syrupy distillate collected under vacuum. 
The adherent pyridine was removed by storage In a vacuum 
desiccator over H2S04, The syrupy glycolaldehyde 
crystallissed overnight and was washed with a small amount 
of cold acetone. The glycolaldehyde was stored until use 
in a vacuum desiccator. 
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Studies on the Deamlnation of Purine Ribosides 
The initial step in the catabollsm of adeiK)Sine is 
believed to be a deamlnation (Stephenson and Trim, 1938)* 
Studies were initiated to follow the deamlnation of adenosine 
and related purines by whole cells and cell free extracts of 
bacteria as well as maramalian adenosine deaminase (intesti­
nal mucosa), The latter enzyme was employed to compare the 
reaction with the deaminase of bacterial originj Ealckar 
(1947) demonstrated that the enzymatic deamlnation of the 
aminopurines can be followed quantitatively by noting the 
alteration in eztinction in a Beckman spectrophotometer. 
An attempt was therefore made to obtain a cell-free extract 
of sufficient clarity and activity which could be used to 
measure spectral changes, 
Deamlnation studies using whole cells. 
The deamlnation of adenine, adenosine, and muscle 
adenylic acid by whole cells of E, coll is recorded in 
Table 1, Adenine is not deamlnated after 60 minutes, where­
as adenosine and adenylic acid are rapidly deaminatedj the 
latter at a slower rate than the former. Adenosine was 
deamlnated to the extent of 84 per cent after 60 minutes 
and adenylic acid 53 per cent in the same period. The results 
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Table 1 
The deamlnation of adenine, adenosine and adenylic acid by 









* • 0 mln. I 30 mln, J 60 mln« 
• 1 72 t 79 1 96 
1 4- s 79 t 85 : 93 
Adenine t - J 79 S 85 s 95 
Adenine t -V- 8 79 t 85 t 96 
Adenosine i - t 65 i S50 J 348 
Adenos ine t 4- : 65 1 550 t 552 
Adenylic acid t - t 6S t 216 t 264 
Adenylic acid i 
9 
4- I 60 
s 
t 216 3 
t t 
280 
Experimental condltlonss S9 mg. (dry wt») of fresh eells/ml»; 
0#022 M phosphate buffer, pH 7#8} SSVmoles substrate} 0«02 
M ECN (pH 7,8); total volume 15 ml. Reaction carried out 
at S7®C» Ammonia determined by nesalerlzatlon. 
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Indicate that the retarded deamination of adenylic acid 
may he due to the time required for a preliminary de-
phosphorylation of the adenylic acid. Ammonia irould 
therefore represent the deamination product of the de-
phosphorylated adenylic acid, adenosine. Similar results 
were obtained using lyophilized cells of E, coli or a 
cell-free extract of morganii, 
Adenosine deaminase is insensitive to KCN, These 
results are at variance with those of Stephenson and Trim 
(1958) who reported that adenosine deaminase in E, coll 
is inhibited by KCN, The discrepancy can be explained 
either by the differences in the bacterial strains or the 
fact that the KCN reported in Table 1 was neutralized 
prior to use, whereas Stephenson and Trim (1938) did not 
report whether the KDN was neutralized in their experiments. 
iK!N was found to be without effect on mammalian adenosine 
deaminase (Table 2), 
Attempts to obtain cell-free adenosine deaminase by 
grinding (Kalnltsky, £t 1945) or sonic treatment of 
E, coll were negative, Wang, aj., (1950) too have 
reported the absence of adenosine deaminase in cell-free 
extracts of E, coll. 
Deamination studies with mammalian adenosine deaminase. 
The specificity of animal adenosine deaminase 
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(intestinal mucosa) was tested on various substituted 
amlnopurines, The enzymatic deamination waa followed bj 
measuring the change in the ultra-violet absorption at 
250 m;A^  at zero time and at 20 minutes after the addition 
of the enzyme. Adenosine deaminase was added to the 
following substrates each at a concentration of 16,6 





6-aminopurine thiomethyl riboside 
6-aminopurin0-5•-phosphoriboside 
6-aminopurine-S•-phosphoriboside 
It was found that only 6-aminopurlne riboside was deaminated. 
The deaminated product had the characteristic absorption 
spectrxaa of Inosine* It was also found that the compounds 
listed above, although structurally related to adenosine, 
failed to inhibit the deamination of adenosine when added 
to the incubation mixture, 
The effects of various inhibitors on adenosine 
deaminase are listed in Table 2, The non-sensitivity of 
adenosine deaminase to cyanide would indicate the absence 
of a heavy metal-containing prosthetic group. The 
inability of avidin to interfere with the deamination of 
adenosine would rule out the possibility of biotin acting 
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Table 2 
Effect of Various Inhibitors on the Deamination 








0,0016 M J 0 
Avidin 0,33 Y / ml. 1 
• 
0 
Phenol 0,006 M 1 18 
• 
t 
Experimental conditonsi 0,170 t moles adenosinei 0,02 M 
phosphate buffer, pH 7,0| total reacting volume 3,0 ml. 
Time of reaction 20 minutes. 
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as a prosthetic group, Rxrthermore, biotin did not have 
any activating effect on deamination when added to a 
mixture of adenosine and adenosine deaminase in phosphate 
buffer• 
Deamination studies with cell-free bacterial extracts. 
Cell-free extracts of S. coll and Paeudomonas 
aeruginosa do not exhibit any adenosine deaminase activity. 
The absence of this enzsrme in E. coll extracts is unexpect­
ed in view of its occurrence in whole cells. 
Cell-free extracts of Pr, aorganii were found to 
possess an active adenosine deaminase. Suitable dilutions 
of the extract were sufficiently clear and active to be 
used spectrophotometrically, The nature of the reaction 
can be represented by the equation# 
Adenosine + H2O —^  Inoslne + NHg 
Fig, 2 shows the spectral changes that occur dixring 
the action of an unfractionated extract of Pr, morganil 
on adenosine. The lower curve, obtained after 60 minutes 
incubation of the mixture, corresponds to that of inoslne. 
The extinction at 249 m^ , however, is slightly lower 
(9 per cent) than would be expected for a complete conversion 
of the original adenosine to inoslne. This may be due to 
an incomplete conversion or more probably to a phosphorolyais 
.flg» 2, SpeetraX Changes dwing th® Deamination of 
Menoslne by a C©XX-fp®© Ixtfaot of Pr» SSSSSSM:* 
Ixporiffleatai: eoMitionst 0«148 v. moles a4@noaln«j: 
50 V moles glycjlglyelm buffer, pH 7t0| 72 
®mjm® nitrQg&n$ total voXm© 3#0 ml,|: (A) 
adenoslm at 0 tim®, (•) after 60 mlmt®i 








240 250 260 270 280 290 
mu 
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of the inoslne to yield hypoxanthine which haa a lower 
extinction value at 249 mju., 
A,n attempt was made to fractionate the cell-free 
extract of morganii. Althotigh the specific activity 
did not increase materially, the final fraction was freed 
of interfering factors, e,g,, phosphatases of yeast and 
muscle adenylic acid as well as components of the cell-free 
extract which caused considerable spectral absorption at 
265 m»L • 
The scheme followed is outlined in Table 3, The 
general procedure used to measure deaminase activity was 
as followst a suitable amount of extract was added to the 
substrate solution buffered with glycylglycine buffer 
(pH 7,0, final concentration 0#0167 M) in a 1 cm, cuvette# 
The final volume in each case was 5,0 ml. The decrease of 
extinction was measured at 265 mjx, with a Beckman 
spectrophotometer, model DU, Readings were taken as soon 
as possible after addition of the extract and then at 1 
minute intervals for at least 10 minutes. The readings 
were plotted against time as the abscissa. Thus ^^ 265 
per minute represents the decrease in spectral absorption 
at 265 mjx, in the initial phase of the enzymatic deamin-
ation. Any variations from the procedure described above 
will be listed with the individual experiments. The 




Purification of morsanii Adenosine Deaminase 
Purification procedure j »units x 10~? 




neutral saturated (IIHi^ )2S0i^  to ^ 0% saturation s 15 
: 
II ISeutral saturated (HE^ )2S0^  to h0^ 7^ % saturation 
t . . .  
27 
• 
s I and II dialyzed 3 hrs. against distilled water at 
t Hreated with I3 ml* alumina C-gamma 20 min« and ppt. 
Ila ss eluted 20 min. with ? ml. 0»2 M phosphate buffer, 
t pH 7,6 
• 
13 
XXs. StiT5©3^ ** * 




A J Neutral saturated (MIj^ )2S0j^  ^ •0-50% saturation 
• . . . , 
61 
» 1 unit « initial ^ 265 of lO"? per minute per nitrogen of bacterial extract 
- 68 -
The effect of phosphate on adenosine deaminase was 
exfiunined in the unfractionated cell-free extract of 
Fr, morganii (fig* 5), The initial rate of deamination 
la the same in the presence of 0,0167 M glycylglycine 
and phosphate buffers. However, the initial rate in­
creased slightly when the phosphate concentration is 
increased tenfold. The overall is greatest when 
the reaction is carried out in the absence of phosphate. 
The effect of the phosphate may be due to a potentiation 
of adenosine phosphorylase, and the adenine formed is 
resistant to deamination (see Tables 1 and 4), 
The specificity of bacterial adenosine deaminase 
was examined on a number of substituted purines related 
to adenosine. Adenine and iaoguanlne are not deaminated 
(Table 4), There is no stimulation of adenine deamin­
ation by either inosine or adenosine, the ribosides being 
present at l/lO the molar concentration of adenine. The 
results are not in agreement with those of Stephenson and 
Trim (1958) who found a stimulatory action of adenine 
deamination by inosine and adenosine in whole cells of 
E, coll. Adenine thiomethylpentose is deaminated very 
slowly. Muscle and yeast adenylic acid are rapidly 
deaminated by the unfractionated cell-free extract of 
?r. morganii t however, fractionation of the enzyme leads 
to diminished adenylic acid deamination, the deamination 
Hg, 3* Effect of Phospbat® ©n M@n©siii« Bt^ atalmas® 4©tivltj« 
3S^ p®rim«ntal ooMitlonst «aeli ew@tt@ contained 
0»i47 * aolts M«iiosint| f ©nsym® nitrogen. 
In a total '^ rolua© of 5#0 al, B«amiaaition cutt# 
{•) in 0,0167'1 glyejlglyoina,. pH 7,01 (A) in 
0,0167 m phosphat®, pH 7«0| (o) in 0#167 1 
phosph&t®,. pH 7»0.' 'Iftaetion o.&rri®d out at room 
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Table h 
Specificity of Adenosine Deaminase from Pr» aorganii 
Substrate 
Concentration 







Adenine + (inosine) 
Isoguanine 
Adenine tMoiaethyl pentose 
Mascle adenylic acid 
Yeast adenylic acid 
Adenosine 
{^ttscle adenylic acid 





















































Ea5>erimental conditions® 0,0167 M glycylglycine buffer, pH 7*0^  unfractionated 
enzyme, 72 nitrogen} fraction A, 21 Y nitrogen* Total volume 3*0 ml. 
Reaction carried out at room teii5)eratiire. 
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of adeiwolne remaining constant in both fractions, These 
results iiKiicate that the unfractionated cell-free extract 
contains a phoaphataae which can liberate adenosine from 
adenylic acid. Fractionation of the extract results in 
a partial loss of phosphatase. 
Fig, 4 shows that there is proportionality between 
the concentration of enzyme and the rate of adenosine 
deamination. 
The rate of adenosine deamination in pyrophosphate 
buffer is optimum around pH 8,0 (Pig. 5), The initial 
rate of the deamination reaction was determined at the 
pH Investigated without any correction for the spectral 
changes of adenosine which are caused by changes in pH, 
The Michaelis constant for adenosine deamination was 
determined by the method of Llneweaver ard Burk (1934) 
and is represented in Pig, 6* 
Lineweaver and Burk*8 formulation of the relationship 
between the initial velocity and substrate concentration is 
represented in the equationj 
1  ^ Ka 1  ^ 1 
V Vmax 3^] ^  '^ max' 
in which Kitt is the Michaelis constant, V the overall 
velocity of the enzymatic reaction, Vteiax the Tnaylimiin 
value of this velocity (initial velocity, A Eggs per 
minute) and the substrate concentration, BSsa is the 
Hg# 4. M£t@ct of Snzyia® conoantmtion on A&®noaim 
B@aaiinas9« 
Ixperliaental cowaitlonsi ©ach cuvatt© contained 
0,148 f mol®s'adenosis®I'50 <" moles glycylgljeim 
buffer^  pH 7aOj and th® iadioated ©nayiaa 
oonotntratlon in a total -yoliiiia of 3»0 ml. 
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G A M M A  P R O T E I N  N I T R O G E  N / C U V E T T E  
Hg, 5. of pH on %h© Eat® of Beaaiia&tlon of 
Adanosln© by a C#ll-fr©e Ixtraet of aogganli ^ 
Sxperiisential ooMlfclonst '®aoh cwett© contealned 
0»148  ^iaol«s adenosine! 100 moleii 
S^ rophosphat# buffer at the iiidloated pH| 21 
nitrogen {fraction 4) in a total volim© of SgO 
33il. Rfiactloii carried out at room temperature# 

6, Belationsliip Betwmn Smbttr&te Concentration 
and Hate of Otaminatloa ££, moTmnil» 
Eicparimsatal conditions! t&cia cuvette eontainsd 
§0 mol®i glycylglTOin© pH ^ .Of 21V 
nitrogen (fFaotion Aj| and the indleated 
siibatrat© eoneentration in a total voluia« of 
5,0 ml. fht velocity is ©x;pp«sa®d as A2265 
per ffliaute and substrate ooncentratlon 











dissociation constant of the enzyme-substrate complex and 
is nmerically equal to the substrate concentration for 
which the velocity is half the maximum value. 
In the equation represented above, the slope of the 
straight line is Km/Vmax and its intercept on the l/V axis 
is equal to l/Vmax, Thus Em can be calculated since the 
slope and intercept can be obtained graphically, 
Big, 6 was plotted from the reciprocal of the initial 
deamination rates at specified substrate concentrations, 
the enzyme concentration being kept constant, o^m the 
graph, l/Vmax is 19,0 (representing the y intercept) and 
Em/Vmax is 331,7 x 10'® (representing the slope of the 
line), Ftom these values. Kin— 331,7 x IC^ /lO or 
17,5 X lO'^ , fhe lOn value for adenosine deaminase is 
of the same order as that for cytidine deaminase in 
E, coll (Wang, _et al, 1950), 
Aspects of Pentose Catabollsm 
Role of phosphate In the metabolism of riboae« 
Although whole cells of B. coll and pyogenes 
var, aureus metabolize free ribose quite readily, cell-
free extracts of these organisms as well as from Proteus 
morganii, Aerobacter aerogenes and Micrococcus 
lysodeiktlous are tumble to catabolize the free sugar to 
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any significant extent. The addition of various activating 
agents such as adenosine triphosphate, coenzyme I, cysteine 
and methylene blue, alone or in combination, did not 
appreciably affect the aerobic activity of cell-free 
extracts from E, coll or M. pyogenes var, aureus > However, 
cell-free extracts from E, coil readily metabolize ribose-5-
phosphate aerobically. These observations led to the 
Is^ pothesis that the metabolism of ribose by bacterial cells 
follows a pattern similar to the phosphorolytic catabolism 
of the hexoses* The initial phase of ribose metabolism 
was therefore assumed to be a phosphoi*ylation, a step which 
is inhibited in the preparation of cell-free extracts. 
To examine the role of phosphate in the metabolism of 
ribose by bacteria, resting cell suspensions of M, pyogenes 
var, aureus were incubated with ribose in the presence of 
inorganic phosphate. At various time intervals, aliquots 
of the incubation mixture were examined for the disappear­
ance of ribose and of inorganic phosphate. However, the 
disappearance of the pentose was accompanied by very little 
change in the inorganic phosphate concentration. 
An attempt was made to phosphorylate ribose by adding 
an exogenous energy source. Cell-free extracts of E. coll 
with an active malate dehydrogenase system were added to 
a mixture of riboae and malate in the presence of phosphate. 
It can be seen from Table 5 that the oxidation of malate 
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Table 5 
The Metabolism of Rlbose by 1. coll In the Presence of an 
Exogenous Ener^  Source 





1 i 2 
Malate : 42 116 : 169 
Rlbose . 2 7 





Experimental conditionss Phosphate buffer, 0#01 M, 
pH 6»5f rlbose, 0.05 Mj 10 muscle adenylic acid per 
cup; L-malate, 0,05 M} 2»4 mg, nitrogen of cell-free 
extract per cup; total volume, 2,0 ml.j manometrlc 
technique, EOH In center wellj t - 30,4®C, 
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did not influence the aerobic oatabolisia of ribose* 
Similar results were obtained using cell-free extracts 
H* pyogenes var, aureus and E» coli with succinate as 
the exogenous energy source. 
The esterification of inorganic phosphate was then 
studied in the presence of the inhibitor NaF, using resting 
cell suspensions of M, pyogenes var, aureus as a sotirce of 
enzyme. This inhibitor was shown by Meyerhof and Kiessling 
(1955) to inhibit the enzymatic conversion of 2-
phosphoglycerate to phosphopyruvate. Table 6 shows that in 
the absence of Map, the inorganic phosphate concentration 
remains constant, whereas in the presence of the inlriibitor, 
the disappearance of ribose is accompanied by an uptake of 
inorganic phosphate. The HaF caused an increase in the 
inorganic phosphate of the control; however, this increase 
was dijninished in the presence of ribose. The formation 
from ribose of phosphoglyceric acid, a stable phosphate 
ester, would account for this observation. The disappear­
ance of 4,7 JC moles of ribose resulted in the 
esterification of 2,9 t moles of phosphate. 
Metabolism of substituted pentoses -
In view of the universal occurrence of ribose 
derivatives in living organisms, an attempt was made to 
study the extent of metabolism of some of them using resting 
83 -
Table 6 
Role of Phosphate in the Aerobic Metabolism of Ribose by 









t <Ribose / flask <P / flask 
s 
s 0- ; 190* o' \ 190' 




15 8 20 465 s 450 
Control + NaP t 325 s 15 ! 25 465 J 885 
Ribose 13S1 : 1850 : 670 465 J 460 
Ribose Nap ; 1026 t 1850 5 800 465 S 795 
t « • i 
s t s 
Experimental conditionst NaF, 0»05 Mj phosphate buffer, 
pH 7»7} 25 mg, fresh cells per ml#; total volxirae 2,0 ml, 
Manometric technique, KOH in center well; t — 30»4®C, 
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cell suspensions of bacteria as well as cell-free extracts# 
The nucleic acids are of particular importance in 
all living cells. Bacterial inhibition by penicillin has 
been attributed to interference with the nucleic acid 
metabolism of the sensitive microorganisms (literature 
survey), The metabolism of exogenous ribose nucleic acid 
by resting cells of |!» pvogienes var, aureus is recorded 
in Table 7« It can be noted that very little disappear­
ance of ribose occiu?red in the first 24 hours of incubation, 
Ihen the incubation mixture was examined after 24 hours, 
a putrefactive odor was noted, aM a Gram stain revealed 
the presence of a high porportion of contaminating Gram-
positive rods. 
The metabolism of the component nucleosides (and 
closely related compounds) of nucleic acid was studied 
manometrieally. Since cell-free extracts of coli 
and M, pyogenes var, aureus were found incapable of 
metabolizing the nucleosides, resting cell suspensions of 
whole cells were resorted to as a source of enzymes. 
Table 8 compares the metabolism of various purine and 
pyrimidine nucleosides. The results indicate that with 
adenosine and guanosine as substrates, the rat© of 
metabolism is faster than with the other ribose compounds 
listed in the table. 
Since it is believed that deaminatlon preceeds 
nucleosidase action, the limited metabolism of xanthosine 
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Table 7 







YRibose / ml. 




f 160 , 630 
6 9 
• 
140 3 645 
24 125 S 505 
34 $ 120 : 395 
52 } 
t 
90 J 280 
s 
Sxperimental conditions? phosphate buffer, 0»06 M, pH 7,0; 




Aerobic Metabolism of Nucleosides by E, coll. 
Substrate O2 Uptake, tT Moles in 
2 hours. 
Control : 3,5S , 0,5 0,43 
Adenosine s 11,5 , 2,38 0,62 
GuanosIne s 10,5 , 2,40 0,65 
Xanthoslne « 4,4 f 
Adenine thlomethyl » 5,1 • t pentose : } 
Isoguanosine s 4,8 • t Gytldlne « 8,5 
S : • 
 ^Moles Rlbose 
0 hr. 2 hrs, 
Experimental conditionsj phosphate buffer, 0,067 M, pH 7,8j 
10 mg, fresh cell per ml.j 1,9 t moles substrate per flask; 
total volume, 2,0 ml, Manometrlc technique, KOH in center 
wellj t« 50,4°C, 
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and Isoguanoslne Is difficult to explain* An experiment 
was undertaken to determine whether the nucleosides would 
be metabolized to a greater extent in the presence of a 
potential amino donor, i.e., glutamine* In Table 9, the 
results show that the metabolism of xanthosine and 
isoguanoaine is not significantly altered in the presence 
of glutamine. It is thus possible that S, coli lacks the 
enzymes capable of carrying out the reactions 
Xanthosine + Glutamine = Guanosine + Glutamic acid* 
Aspects of intermediary pentose catabolism. 
Previous results have indicated that ribose is 
metabolized in the phosphorylated state. Subsequent data 
indicate the pentose phosphate is degraded by means of a 
series of reactions involving an aldolase split of the 
sugar into a 3-carbon and 2-carbon fragment* 
Table 10 shows that riboae-S-phosphate is decomposed 
non-oxidatively by a cell-free extract of M. layogenes var, 
aureus, lodoacetate was added to prevent oxidation of the 
split products of pentose phosphate* 
A similar experiment, using a 40-60 per cent ammonium 
sulfate precipitated and dialyzed fraction of E. coli as a 
source of enzymes, split ribose-S-phosphate (2*0 V moles 
per hour) without oxygen uptake and in the absence of 
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Table 9 
The Iffect of Grlutamlne on the Metaboliaa of Xanthoslne and 






Control 1 105 
XanthosIne < 118 
Isoguanosine t 117 
Glutamine s 265 
Xanthoslne +• Glutamine : 276 




Ixperlmental conditionss phosphate buffer, 0.0167 M, pH 7,8j 
glutamliie* 0«0025 M; xanthoslne, 1,57 t moles per ml.| 
Isoguanosine, 1,9 < moles per i5l,j 5 mg, lyophlllzed cells 
per ml,} total volume, 2,0 ml, Manometric technique, KOH 
in center wellj t « 50,4®C,j time of reaction 2 hours. 
Table 10 
Decomposition of Ribose-J-phosphate l3y M. pyogenes var. aureus* 
Substrate 
Pentose concentration ' Oxygen TJptalce 
Uff. Der ml. ' ul. ner ml-
0 min. 60 min. 
! " 







57 > 5 






Experimental conditionst phosphate buffer, 0.017 M, pH 7«7| 6.0 iag« protein 
per ml, of cell-free extract} 0»003if M cysteine; 0,0017 M Mg"*"*"} 0.0017 H 
iodoacetate, Ifenometric technique, KOH in center wellj t « 30.^®G. 
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lodoacetate. There was no Increase in alkali labile 
phosphorus (triose phosphate) or iodine-titratable 
aldehyde groups. The cell-free extract did, however, 
possess an aldolase which was active on hexose di­
phosphate . 
fbr comparative purposes, the metabolism of ribose-5-
phosphate was studied using acetone-treated rabbit liver 
as a source of enzymes (prepared according to the method 
of Waldvogel and Schlenk (1949), The results are recorded 
in Table 11, There was no measxirable oxygen uptake when 
a parallel experiment was conducted on the Warburg 
respiromenter. It can be seen that the disappearance of 
ribose-S-phosphate in the presence of iodoacetate is 
accompanied by a slight increase in titratable aldehyde 
groups. After the two-hour incubation period, the 
incubation mixtures were examined for acetate, acetaldehyde, 
acetylmethylcarbinol, glycolaldehyde, formaldehyde and 
acetoacetate. There was no increase of any of these 
compounds over that present in the control. 
The non-oxidative catabolism of pentose phosphate is 
indicative of an aldolase split. In the whole cell, or 
in the absence of iodoacetate, the 5-carbon fragnent 
(triose phosphate) is oxidized, probably via pyruvate. 
Table 12 shows that AsOj* inhibits the oxidation of ribose* 
This inhibitor is known to prevent the oxidation of <-keto 
acids, and in its presence, results in their accumulation 
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Table 11 
Decomposition of Ribose-5-phosphate bj Acetone-Treated 
Rabbit Liver Enzyme, 
Substrate 
Pentose concen­
tration, M-gm per 
ml 
Aldehyde equivalents 
yULmoles per ml» 

















Experisiental conditionss iodoacetate, 0.022 M} total 
voltuae, 36.0 ml .J t ® 37 C. 
Table 12 
Effect of ASO3 on the Oxidative Metabolisiii of Ribose by S. coli# 
jxl^ Oa CO2 : lig. ribose per cup >il. CO2 evolved 
Substrate Asa03 Uptake formed • 9 by Ce(S0it)2 at 
150 rain. 150 min. • • end of expt. 
I n mi r»« T?0 min-
None 263 368 : 337 201 0 
None + 157 229 : 337 228 3 












Experimental conditions® nhosphate buffer, 0,025 7*8; 15 mg» lyopliilized cells 
per cupi ASO3", 0*73 x 10~^ Mj total volume 1.7 mlf manos^tric technique? t « 30*^°C;. 
At the end of the experiment* 0.3 ml. of 12 N HaSOit was added to liberate boimd COa. 
0.5 nil. of saturated Ce(S0i^ )2 was subsequently added to oxidatively decarboxylate 
any o<»-keto acids. 
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in the enzymatic reaction mixture. The addition of Ce(304)3 
at the end of the experiment resulted in the liberation of 
carbon dioxide only in the cupa containing pentose plus 
AsOg. Since Ce(S04)g reacts mainly with the -keto acids, 
it would appear from this experiment that the accumulation 
of pyruvic acid induced by the inhibitor was formed from 
the pentose sugar* 
A manometric study of the metabolism of ribose by 
M. pyogenes var, aureus indicates that the sugar is not 
completely metabolized. The ratio of oxygen uptake and 
carbon dioxide formed to ribose disappearing indicates 
that a 2-carbon fragment is accumulating, whereas the S-
carbon fragment can be accounted for by the carbon dioxide 
produced (Table 13), The Og/COg/ribose ratio approaches a 
value of 5/3/1, whereas complete aerobic degradation of 
ribose would yield a ratio of 5/5/1, The 2-carbon fragment, 
which would result from a 2-5 split of the pentose would 
be glycolaldehyde or a compound related to it having a 
similar oxidation/reduction index. 
Attempts to identify glycolaldehyde by the Dische 
and Borenfreund (1949) reaction as an end product of 
pentose metabolism by whole cells and cell-free extracts 
of a variety of microorganisms (E, coli. M, pyogenes var, 
aureus, Lactobacillus pentosus« Aerobacter aerogenes) 
ended in failure. The metabolism of ribose bj' these 
organisms was carried out in the presence and absence of 
- 94 -
Table 13 
Metabolism of Ribose by M» pyogenes v&r, aureus. 
— I 
Substrate * 1 
Oo 1 
Uptake J 
m cog ' 
Stormed j 
Ribose concentration 
3 180 min.j 180 minj 0 lain, 1 180 min» 
S 
None * 















p^erimental coruiitionsj phosphate buffer, 0,025 M, pH 7»7j 
25 mg. fresh cells per ml.j total volume 2,0 lil.j 
manometric techniquej t = 30,4 C, 
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an aldehyde fixative (hydrazine) at a concentration which 
allowed at least half maximum pentose catabolism. Even 
in the presence of hydrazine, however, no glycolaldehyde 
could be detected colorimetrically, These results may 
indicate that (a) glycolaldehyde is not the immediate 
split product of pentose, (b) glycolaldehyde is immediate­
ly converted to some other compound even in the presence 
of hydrazine or (c) the glycolaldehyde colorimetric 
reaction is not sufficiently sensitive to detect glycol­
aldehyde in the presence of other carbohydrates in the 
reaction mixture. The latter possibility is very likely 
in view of the observed interference by a variety of 
carbohydrates ard enzyme protein with the color formed 
between diphenylamine and glycolaldehyde, 
The conversion of pentose and glycolaldehyde to 
acetate was investigated (Table 14), After 12 hours 
incubation, no significant amount of acetate was formed 
from either ribose or glycolaldehyde. Glucose was readily 
metabolized to form acetate as one of its and products. 
Similar results were obtained using fresh cells of 
M, pyogenes var, aureus incubated with ribose or glycol­
aldehyde for 1 hour at 57°C, 
The fate of glycolaldehyde was studied under aerobic 
and anaerobic conditions, Aerobically, the presence of 
glycolaldehyde had no significant effect on the gaseous 
exchange of resting cell suspensions of E, coll (Table 15), 
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Table 14 
r^matlon of Acetate by M. pyogenea var, aureua. 




Rlbose Nucleic Acid 37 
Glucose 183 
Sxperlmental conditionss phosphate buffer, 0.04 M, pH 7,5j 
rlbose nucleic acid, 2,0 mg« per ml,; ribose, 0*005 M; 
glucose 0«00& M; glycolaldehyde» 0,01 M| 6 mg. lyophilized 
cells per ml,; total volume, 25,0 mlj t = 31 C,j time of 
reaction 12 hours. 
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Table 15 




s Aerobic J Anaerobic 
t 
s yitl, Ofi J»tl. C02 
3 

















Experimental conditionss phosphate buffer, 0,025M, pH 7«7, 
(aerobic experiment)}; bicarbonate buffer, 0,05 M, pH 7#0, 
(anaerobic experiment) j glycolaldehyde 0»0125Mj| 20 mg, 
fresh cells per ml,| total volume, 2,0 ml, Manometric 
technique I aerobic gas phase, alrj anaerobic gas phase» 
95^  Hg, 5^  G02f t " S0,4°C,j time of reaction, 180 laln. 
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However, anaerobicalXy, there was a marked increase in the 
evolution of carbon dioxide from bicarbonate. It would 
thus seem that glycolaldehyde is undergoing a diamutation 
to ethylene glycol and glycolic acid, a reaction which 
occurs anaerobically. The glycolic acid would liberate an 
equivalent amount of carbon dioxide from the bicarbonate 
buffer• 
The metabolism of ribose-5-phosphate by a cell-free 
extract of E, coll is represented in Fig, 7, The effect 
of phosphate was studied, and in order to free the extract 
of endogenous inorganic and organic phosphates, the juice 
was treated with one half its weight of Dowex-1 resin, 
chloride form (the resin was thoroughly washed with base, 
acid and water before addition to the cell-free extract). 
The juice and resin were mixed for 20 minutes in the cold, 
centrifuged for 15 minutes and the resulting supernatant 
was employed in the study. The results indicate that the 
metabolism of ribose is slightly inhibited by the presence 
of inorganic phosphate. In the presence of glycylglyclne, 
the mineralization of inorganic phosphate from pentose 
phosphate parallels the disappearance of the sugar. 
Table 16 shows that high concentrations of phosphate 
inhibit the metabolism of ribose-5-phosphate by cell-free 
extracts of E, coli. 
The fractionation of E. coli juice prepared by sonic 
treatment is shown in Table 17, The most active fraction 
fig. 7, The Metabolism of libos«-5*?liospMt© by E, coli^  
Sx|)©3?imental. eoaditioni t 0,56 ag, 
extract por ial#| total volm© 4*0 ml,} 57^ 0* 
Pantos® ffli@tab-olis©<2, solid lines. Cur^ e (o) 
in 0»0S5 '1 gljejlgljQim^  pE 7»7, (•) comtTOlf 
e w v e  ( a )  i n ' O . O t S  M  p h o s p h m t e ,  p B  7 * 7 ,  i ^ }  
control t ?]b.osphojma ffiiaemliB^ d, cui»v® {o~~o | 








180 60 120 150 210 240 0 90 30 
TIME , MINUTES 
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TaJDle 16 




i Rlbose per ml, 
metabolized 
Hone 255 
0,00025 M 255 
0,00125 M 255 
0,0025 M 229 
0,0125 M 250 
0,025 M 159 
0,05 M 103 
0,125 M 20 
Sxperlmental conditions} rlbose-S-phosphate, 0,005 M; 
140 » nitrogen, 60-705^  (NH4)2S04 fraction of cell-free 




EPactlonatlon of GelX-Free Extract of E, coll Metabolizing 
Rlboae-S-phoaphate. "" 
©•action ' YRiboae metabolized / ml, / 





60-7051 ; 60,2 
70-80^  J 35,6 
< 
Experimental conditional veronal buffer, 0,075 M pH 6,6} 
riboae-5-phoaphate, 0,005 Mj total voliime, 1,0 ml.j 
t " S7®C,j time of reaction, 3,0 minutes, 
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was that between 60-70 per cent (IJH^ )2S04» Attempts to 
purify this fraction further with alumina C-gamma resulted 
in only a slight increase in the 
The effect of various metals and cysteine on the 
metabolism of riboae-S-phosphate by a fractionated extract 
shown in Table 18, F©"^  had a greater effect 
than did an equivalent concentration of Co"*^  • Cysteine 
waa found to be active in stimulating the catabolism of 
riboae-5-phosphate, Among the other metal ions investigat­
ed, 11"^  , Mn** and had a slight activating effect, 
whereas, and Cu'*"*' had an inhibitory effect. These 
metals were each tested at a concentration of 0,005 M, 
An attempt was made to study the metabolism of a 
pentose structurally related to ribose, thiomethyl pentose, 
by a cell-free extract of E, coll which is active in 
metabolizing ribose-5-phosphate» However, no disappearance 
of the thiomethyl group took place (Table 19)• This sugar 
responds only very slightly to the modified pentose test 
described by Paege and Schlenk (1950), No significant 
change in the pentose concentration was noted using this 
colorimetric test. 
Aspects of Pentose Anabolism 
Previous experiments have indicated that the initial 
split of pentose phosphate is non-oxidative and probably 
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Table 18 
Influence of Metal Ions and Cysteine on Eibose-S-phoaplaate 
metabolism by E. coll. 
2 










































Experimental conditionss veronal buffer 0,057 M, pH 6,5j 
205 i nitrogen of 60-80^  (UH4)2S0a fraction; riboae, 
0,005 M; total volume, 1,0 ml,; time of reaction, 10 
minutes J t » S70C, 
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Table 19 













Vmoles / ml. 
t 3 
0 
« 74 3 4,8 
10 t 70 3 4,8 30 X 74 3 4,8 
60 Z 74 • « 4,8 
120 * 72 3 4,8 
3 
—IS -JL. 
Experimental conditions: phosphate buffer, 0,025 M, 
pH 7,0j 510 t nitrogen of 60-80^  (M. )oS04 fraction} 
total volume, 6,0 ml,} t » 57®C,  ^
«SstlBiated by the method of Paege and Schlenk (1950), 
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is catalyzed by the enzyme aldolase or some enzyme closely 
related to it in its action. However, attempts to identify 
glycolaldehyde by the Dische and Borenfreund (1949) 
colorimetric reaction proved negative. 
If aldolase catalyzes the splitting of pentose phos­
phate, it would be expected that the 2-carbon fragment, 
glycolaldehyde or its phosphorylated derivative, should 
recombine with triose phosphate to form a 5-carbon sugar. 
Fig, 8 shows that a cell-free extract of M, pyogenes 
var, aureus can catalyze the formation of pentose from 
glycolaldehyde and hexose diphosphate (used as a source of 
triose phosphate), lodoacetate was added to prevent the 
oxidation of the triose phosphate formed from hexose 
diphosphate. Cysteine and Mg were added because they 
were shown to activate the metabolism of riboae-5-phosphate 
(Table 18), The samples were incubated for 15 minutes 
prior to the addition of the 2-carbon compound in order 
to reduce the initial concentration of hexose diphosphate 
(which responds to a slight extent to the orcinol 
colorimetric test for pentose) and to accumulate triose 
phosphate, 
The enzymatic formation of ribose from triose phosphate 
and glycolaldehyde phosphate is represented in Fig, 9, 
The net formation after 180 minutes is 0,3jj^ g, moles per 
ml. 
Table 20 shows that the net formation of pentose in 
fig, 3. Enzymatic fbraation of f®ntos© by M, p?ogen®.8 
var» aureus> "" 
Ixp^rlaiental eondition.®! phosplat© buffer, 
0,016 1, pH 7,7j eysteln©, 0*03 Mj "bioartooimt®,, 
0,03 Ij Mg+^, 0.03 Mj iodoaeetat®, 0»00a.6 M| 
fructose-!, 6-di|)b.o«phat@, 3,S ^ mol©®, per al»} 
glycolai€l0hyde 7^5 ^  laoles per ml* 0.20 mg» 
nitrogen oell-free extract per rnlmt total 
volume, 6»0 lal.f. t 37®G. 1h© samples w®r© 
incubated for 15 min, prior to tbe addition of 
the 2-carbon compound# OurT®i (•) no subatratej 
(o) glycolaldehyd®f (a) fruotose-l, 6»diplios-



















Mg, 9» Snzymatio fbrmatlon of fsntos© by I, ooli, 
Experimsntal coMitloa®! phoaphafc® buffer, 
0,0167 1, pH 7,7i ©ystelnei,0*05 If 
bicarbonat®, 0,03 M| Ig"^ , 0,0S M| iodoac®tat©, 
0,0016 1J frmo.tos«-l, 6«ilphospbat©,'5,3 ^  mol®! 
per ml,|- glyoolaldehyd# pho^spiiate, 7^5^ mol«s 
per al,} 0,38 mg, nitrogen c®ll-fr®e extract 
p®r ml.I total volvme 6,0 ml,| t » S?®C, fhe 
sasiples w®r® Inembattd for 15 mln, prior to the 
addition of thm 2-earbon compoTaM, Gurv@s'C*) 
no substrat©! (o) glfeolaldehyd® phoiphat®} 
(A) frm.eto@.0-l, 6-dipho®ph.at0| (a) fruetoife-1, 












30 60 90 




Enzymatic jPormatlon of Pentose by M, pyogenes var, aureus. 
Substrate Pentose Concentration,jug, per 






i¥uctose-l, 6-dlphosphate 82 3 262 
Glyoolaldehyde 44 s 140 
Olycolaldel^ de phosphate 44 : 230 
P!puctose-l, 6-diphosphate+ 136 i 584 
glyoolaldehyde t jFinactose-l, 6-dlphosphatS4- 108 t 552 
glyoolaldehyde phosphate i 
t 
Experimental conditions: phosphate buffer, 0«016 M, 
pH 7«7j cysteine, 0«03 M} bicarbonate, 0«03 Mj Mg^ , 0,03 Mj 
iodoacetate, 0,0016 Mj fructose-l, 6-diphosphate, 3,3* 
moles per ml,s glyoolaldehyde and glyoolaldehyde phosphate, 
7,5 moles per ml.j 0,20 rag, nitrogen, cell-free extract 
per ml,} total volume, 3,0 ml.j t = 37®C, 
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the preaence of trlose phosphate is greater with glycol­
aldehyde (1.8 moles per ml.) than, with glycolaldehyde 
phosphate (l.Sjug, moles per ml,). The glycolaldehyde may 
first be dephosphorylated prior to its incorporation into 
the 5-carbon sugar. 
The pentose phosphate formed from triose phosphate 
and glycolaldehyde was examined chromatographically* The 
value was not determined, but the spot was compared 
with structtirally known phosphorylated sugars. The 
pentose phosphate ascended the paper column (butanol, 
acetic acid, water) to a spot comparable to that of a 
known sample of rlbose-5-phosphate. The compound was 
eluted from the paper with waterj it responded to the 
orcinol colorimetric teat for pentose and also gave a teat 
for phosphorus. When the spot was sprayed with resorcinol-
trichloracetic acid, a ketonic reaction was observed. 
The formation of pentose from hexose diphosphate and 
glycolaldehyde or its phosphorylated derivative was studied 
using crystalline rabbit muscle aldolase (Table 21), The 
net fomation of pentose was greater in the presence of 
glycolaldehyde than with glycolaldehyde phosphate, 
Sxamination of the pentose formed from triose phos­
phate and glycolaldehyde was examined chromatographically. 
Its behavior was similar to that of a keto sugar and 
contained phosphate in an organic linkage# 
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Table 21 
Enzymatic Pentose Foraiatlon by Crystalline Rabbit Muscle 
Aldolase. ' 
Substrate 
Pentose concentration, AJtg, 
per ml. 


















Sxperimental conditionss fructose-1, 6-diphosphate, 0,0083 
M; glycolaldehyde and glycolaldehyde phosphate, 0,0075 Mj 
60 0 nitrogen* aldolases total volume, 6,0 ml,| t ^  37 C, 
«rhe aldolase, prepared from rabbit muscle by (1014)230^  
fractionation, was stored in the frozen state in 52 $ 
(^ 4)2804 for one year. 
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Spectrophotora©trie Studies on Pentose Metabolism 
Studies on the catabolism of ribose phosphate by 
bacterial extracts reported earlier have shown that the 
sugar is split non-oxidatively. Assuming that aldolase 
or some enzyme related to it in its action catalyzes this 
reaction, the formation of triose phosphate can be studied 
spectrophotometrically. Cell-free extracts of E, coll 
are known to contain triose phosphate isomeraae (Utter and 
Werkman, 1941). The spectrophotometric determination of 
glyceraldehyde phosphate in the presence of glyceraldehyde 
phosphate dehydrogenase is based on the reduction of di-
phosphopyrldine nucleotide (DPI), This process, which is 
measured by following the appearance of the characteristic 
dihydrocoenzyiue band at 340 is catalyzed by the 
dehydrogenase according to the following equations 
D-3-phosphoglyceraldehyde +• E^ O + + DPN 
D-l,3-Phosphoglyceric Acid + DPN-H 
Ihen inorganic phosphate is replaced by arsenate, the reaction 
becomes irreversible. In the presence of an excess of 
aldehyde and DPN, the rate of reduction of DPN is a 
function of the enzyme concentration (Pig. 12) and can bo 
used to measure enzymatic activity. 
The general procedure used to measure dehydrogenase 
activity was as follows; A suitable amount of extract was 
added to the substrate, buffered with pyrophosphate buffer 
(pH 8,5, final concentration 0,029 M) in a 1 cm, cuvette. 
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Other components of the reaction mixture included cysteine 
(0,0043 M) and arsenate (0,0071 M), Wot routine testing 
of the enzyme activity 160 of DPH (90 per cent purity) 
was added to each cuvette except the control cell, ard 
11,4 X 10"^  M ribose-5-phosphate were used. The final 
volume in each case was 3,5 ml. The increase in 
extinction was measured at 340 rnj^ K. with the Beckman 
spectrophotometer, following the addition of DPN to the 
reaction mixture. The readings were plotted against time 
as abcissa. Thus L E340 P®r ainute represents the increase 
in optical absorption at 340 mjx. in the initial phase of 
the reaction. All the spectrophotometric reactions were 
carried out at room temperature. 
The total A E340 measured since enzymes are 
present in the bacterial extract which dephosphorylate 
ribose-5-phosphate as well as triose phosphate. Also, 
enzymes were present in the extract which, after the 
initial reaction, reoxidized the reduced DPN, This may 
have been mediated by the 2-carbon component of the 
catabolized pentose. 
The fractionation of a cell-free extract obtained from 
acetone-treated cells of S, coli is outlined in Table 22, 
The fractionation procedure resulted in a partial purifi­
cation with the elimination of a considerable amount of 
inert protein in the first 0-55 per cent (MH4)g304 fraction. 
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The altjmina C-gamma adsorbed and eluted fraction (A, C 
©limte) has been shown by Paege and Schlenk (1950) to 
possess a highly active uridine phosphorylase, 
fhe relationship between enzyme concentration of the 
Pr, morganii extract and activity is represented graph­
ically in Figt 10» The data demonstrate a good proportion­
ality between the concentration of enzyme and the de-
hydrogenation of triose phosphate derived from the 
metabolism of ribose-5-phosphate, The pH-activity curve 
{Fig* 11) exhibits a broad maximuBi (pH 7,6 - 8,9), 
The hypothesis that the reduction of DPN is catalyzed 
by triose phosphate dehydrogenase acting on glyceraldehyde 
phosphate (derived from pentose phosphate) and not pentose 
phosphate per se is based upon two lines of evidence. 
First, the dehydrogenation of ribose-5-phosphate Is TPN 
linked (Dickens, 1938 b), whereas that of glyceraldehyde 
phosphate is DPN linked (Warburg and Christian, 19S9), 
Fig, 12 shows that the glyceraldehyde phosphate de­
hydrogenase activity of E. coll parallels the action of 
crystalline rabbit muscle aldolase, 
A second reason for supporting the hypothesis that 
pentose phosphate is split prior to dehydrogenation is 
derived from the following experiment. Crystalline 
rabbit muscle glyceraldehyde phosphate dehydrogenase was 
added to a fractionated E. ooli juice metabolizing rlbose-5-
phosphate. It was reasoned that if triose phosphate were 
Table 22 
Purification of E, eoli Extract Catabolizing Pentose Phosphate. 
Fraction Purification procedure 
i  
•units X 10" 5 
Extract 
Prepared by sonic treatment of acetone-treated cells 
of E. coli. 85 
I Saturated (I!a,,)2S0^  to '^ 5% saturation. 0 
II Saturated <N%)2S0),. to $^ 15% saturation. 
» 196 
t I and II dialyaed 3 hrs. against rtinning distilled 
: vater at 
• • 
1  I I  .  ^ 1  .  I I  1 1  .  
jYa ' Refractionated with saturated (ia^ )2S0it (containing 
: 1.0% sodiUHK -glycerolphosphate, 0.22% cysteine, 
s HSl) to 5'5-75% saturation. Dialyzed 3 hrs. 





Ila# dia* j treated with alumina C-gacmia CI ml. alumina C-gaiama 
lyzed (A) . to 6 ml. Ila) for 20 min. 
A# C-gaiBiaa J Alumina C-»gaii2aa removed by centrifugation. 
supernatant s 120 
& r-camtna t Alumina C-garama eluted for 20 min. with 0.2 M 
elttete^^ t phosphate buffer, pH 7^0 
s 
0 
»1 unit « initial ^ 311.0 of 10*3 perminute per mg. nitrogen of bacterial extract. 
Mg# 10» Eelatlon of .Protain Conoentration of 1. ooll 
Jule® to ActiTlty on libos©-5-fliosphat®» 
Sxptriment&l ooMitionss pyrophosphate buffer, 
0,029 M, pi S,5| ejsteia©, 0#0043 M} arsemt®, 
OtOOn M| PFl, 460 ^ mr cuv6tt®| rlbose-5* 
phosphafce, 11*4 x 10*4 If cell-fr®® extract 
ifraction 4., G-gaiaina aupernatant - Tabl® 281 
as indicatddf total volume, 3,5 ml»| 
t " room t®mp@ratur©» 
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Phosphat© hj 1, ooll# • 
latperimental ©oodltlonst i^yrophosplaat© buffer, 
0#0029 Ij ejsfe«ljftt, 0t0043 1| arsanat®, 
0.0071 M$ D?I, 160 -2^ mp cu¥©fct®j ribos®-5« 
phospbst©^ 11,4 X lO-i M| 220 ^ nitrogta 
1 fraction G-^gmmst, supernatant --f abl© 22) 
per ewett®! tlm© of reaction, 6 ain.j 
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Fig» 12» frloa# Fhosphate Bthydrogeiias© Activity of 1* coll 
and of Rabbit Muiclt* , "" 
Ixperimsntal conditions} pbogpiiat© buffer, 
0^029 U, pH 8<,5f cysteine, 0*0043 Mj arsenate 
0,0071 MJ BPS, 160 ^ per cu¥®tte| glyceraldehjd© 
phospimte, §*7 x. 10**» M} ISO ^  nitrogen cell-
fr®@ extract <60-70^'(184)2^04 saturmtion, 
dialyzed fraction of fr©sh. cells of 5# eoll)t 
22 Y nitrogen crystalline rabbit muscl© 
glyeeraldtbyd© defeydrogeimsei total volume, 
S.5 ial»| t= room temptrature. Curves {•) 
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foraied from the pentose, the addition of the crystalline 
animal enzyme should accelerate the initial rate of DPN 
reduction. The results are graphically Illustrated in 
Pig, 13, The fractionation procedure of the acetone-
treated cells with (1^ 4)2804 and alumina C-gaiama reduced 
the activity of triose phosphate dehydrogenase. The 
addition of crystalline trioae phosphate dehydrogenase thus 
activated the metabolism of the pentose phosphate. However, 
when crystalline triose phosphate dehydrogenase was added 
to the (M4)gS04 fractionated enzyme from non-acetone 
treated S. coli. no potentiation of the DPN reduction was 
observed with ribose-5-phosphate as substrate. 
Indirect evidence that glyceraldehyde phosphate is an 
intermediate in pentose metabolism ia inferred from the 
observation that both arsenate and cysteine activate the 
metabolism of ribose-5-phosphate (Table 23), 
The dehydrogenation of the suspected 2»carbon catabolic 
product of pentose phosphate by a cell-free extract of S, 
coli was also studied spectrophotometrically. In the 
presence of glycolaldehyde no DPN reduction was noted. 
However, glycolaldehyde phosphate was oxidized slowly after 
an initial lag period. The limited activity of glycol­
aldehyde phosphate indicated that the 2-carbon compourKi 
may undergo a dismutation. 
An experiment was therefore initiated to ascertain 
whether glycolaldehyde phosphate and glycolaldehyde would 
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cause the reoxidatlon of reduced DFN when added to the 
reaction mixture after the coenzyme had been reduced in 
the presence of riboae-5-phoaphate. Pig. 14 shows that 
glycolaldehyde phosphate reoxidizes the reduced DPN, but 
glycolaldehyde has no effect. 
Fig., 1.3» Effect of CrjstalliM 'S-abblt Imsei® Slj-oeraMefc^ dt 
Fhosphate Dehjdrogem®® on th,® Metafeollsia of 
Ri'boie-S-fhospMt© hj J,# eoll. 
Experimental €iondltion@? pyropfeospiaat® buffer, 
. 0'»029 M, pH 8,51 oysteim* 0.004S M, arsemt©, 
0#0071 1| DPI, 160 V p0r euvett®? 110 Tf nitrogen 
(fraction Af G-gffcaaia supernatant - TmbX& 22} 
per cuvette I rlbos©--5-pho®ph.at©, 11,4 x 10*^ M$ 
total 5,5 Ml*1 t» room temperatmr®• 
Curve I (•) 1, mXi ^xtrmtf  C^) B» coll ©xtraet 
plus^ crystaXllm rabbit amael® glyoiraldehyde 
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Table 25 
Effect of Arsenate and Cysteine on Rlbose-5-Phosphate 






































cysteine « 0,0043 M : 
: 
Experimental conditions: pyrophosphate buffer, 0,029 M, 
pH 8«5j DPN, 160 < per cuvettes rlb080-5-ph0sphate, 
11,4 X 10-^  Mj 220 Ti nitrogen (55-75^  (11114)2304 -
dialyzed) E, poll extract of fresh cells per cuvettej 
total volxime, 3,5 ml,} t « room temperature. 
Mg, 14* Iffeet of and Slsroolaldehjd© 
Phoiphat© on tim Oxidation of tsamoad Bfl toy 
Experimental coadifelonss pyrophosptat© Mffer, 
0.029 1, pi 8»$f ©fl,'400 * per cuvattsf eysttin®, 
0»004S Mf arsenate, 0,0071 Mj rlbose-S-pho.spliat®, 
11,4 xlO*^ If 220 Tf alti»ogeii e@ll-rr®® extract 
(55-7S^ CiH^IgS^ "• dlaljz®a fraction of fresh, 
cells of 1, colili total -yolm©, 3,5 ®1»} 
t » room *l®Bip(®Fatmr#» 
At'6 mln» 0*1 ml» of glycolaMeiiyd© phosphate 
{0,045 l|> of glyoolaMtbya® (0»045 M) aisdl of 
wat@r was added to ©aeh ©f tb.r®e ©uvettesj 
0,1 ial» ira.t@r was aiid@d to the control* Curv&i 
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DISCUSSION 
In considering the metabolism of nucleic acid as a 
whole, it appears that catabolism starts after the 
separation of the nucleic acid from the protein of nucleo-
protein. The enzymatic character of this process is open 
to question. Once the nucleic acids are formed, they are 
acted upon by the nucleases, ribonuclease and desoxy-
ribonuclease« Both these enzymes have been obtained in 
crystalline and presumably pure state from pancreas 
(Kunitz, 1940, 1950), Despite the fact that several years 
have passed since their isolation, the exact mode and 
range of their action has remained obscure. 
Information on the isodynamic nucleases from animal 
tissue and bacteria is very limited (Greenstein et al.t 
1947| Stephenson, 1948). The ill-defined oligo-nucleotides 
resulting from nuclease action are attacked by phosphodi-
and mono-esterases, A more exact picture of catabolism 
begins at the nucleoside stage. In bacteria as well as 
in tissues, deamination usually precedes phosphorylase 
action. 
The deamination of adenosine constitutes an important 
initial step in its catabolism. Prior to these invest­
igations, the bacterial deamination of adenosine and re­
lated purines had been limited to the use of whole cells. 
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The main difficulty encountered was the lability of the 
enzyme upon cell disintegration. However, a cell-free 
extract idiich could deamlnate adenosine was obtained by 
sonic treatment of morganii. The successful prepaj?-
ation of this Juice permitted partial purification of the 
enzyme and study of its specificity of action on a series 
of related ptirlnes (Table 4), The bacterial adenosine 
deaminase was found to have a high degree of apecificity 
and waa thus similar to the animal adenosine deaminase in 
this respect, Isoguanine, a purine closely related to 
adenine, was not deamlnated by the cell-free extract of 
Pr, morganii. This compound, however, has recently been 
shown by Friedman and Gots (1951) to be deamlnated by 
resting-cell suspensions of coll. 
Neither the bacterial nor animal adenosine deaminases 
were sensitive to ECN, a finding contrary to that of 
Stephenson and Trim (1938), This would tend to Indicate 
the absence of a heavy metal prosthetic group in the 
deaminase, 
4n examination of the rates of ammonia produced as a 
result of deaminase activity on adenosine and adenylic acid 
(Table 1) reveals the fact that the adenylic acid is 
dephosphorylated prior to deamlnation. This is reflected 
in the initial lag in the deamlnation of the adenylic acid. 
Partial purification of the cell-free adenosine deaminase 
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resulted in a decreased deamlnation rate of adenylic acid 
(Table 4), an observation readily explained by the loss 
in specific activity of the i|denylic acid phosphorylase 
in the adenosine deaminase fraction* 
The inhibitory effect of phosphate on the later phase 
of adenosine deamlnation (Fig, 3) is difficult to understand. 
The observation may be explained by assximing a phoaphorolytlc 
split of adenosine prior to deamlnation. This reaction 
would be enhanced by the presence of phosphate (Wang, 1950), 
and result in a smaller overall deamlnation since the 
adenine formed as a result of the phosphorolysis la not 
desminated by adenosine deaminase (Table 4)• 
The quantitative conversion of adenosine to inoslne 
in the absence of phosphate (Flg^  2) indicates that a 
hydrolytic deamlnation occurs. The deamlnation of adenosine 
in aqueous solution follows first order kinetics. The 
Michaelis constant for the bacterial enzyme was invest­
igated and found to be of the same order (17«5 x 10**®) as 
that reported by Wang ^  aJL, (1950) for cytldine deaminase 
ool^  4^ 1ce, 
The inability of adenosine or inoslne to activate the 
deamlnation of adenine (Table 4) is contrary to the find­
ings of Stephenson and Trim (19S8), These investigators 
found that catalytic amounts of the nucleosides greatly 
increase the rate of adenine deamlnation by resting-cell 
suspensions of E, coll. This observation is interesting 
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in view of the role of biotin and adenylic acid In the 
deamlnation of aspartic acid, serine and threonine 
(Gale, 1938f Lichstein and Christman, 1948j Lichstein 
and tJmbreit, 1947), Lichstein and co-irorlcers found that 
both biotin and adenylic acid activated the deamination 
of these amino acids by biotin deficient cells of E. coli» 
Gale reported the stimulatory effect of adenosine on the 
deasiination of aspartic acid. Thus both compounds seem 
to play an important role in the deamination. In Lichstein's 
preparations the biotin was missing and in Gale's prepar­
ations the adenosine part of the prosthetic group was 
missing. An alternative explanation is that the amino 
group of the amino acids tested above is transferred to 
inoaine to form adenosine. The adenosine would then be 
deaminated by adenosine deaminase according to the following 
equations s 
(1) Amino add 4- Inosine Keto acid 4- Adenosine 
(2) Adenosine + HgO —> Inosine + NHg 
The effect of the biotin, or biotin containing 
coenzyme, could be explained by the function of this vitamin 
in equation 1 or 2, 
The study of the reversibility of adenosine deamination 
had just been Initiated when a report appeared by Elliott 
(1948) showing that glutamine could serve as an amino donor 
to form adenosine from Inosine, He obtained an enzyme 
preparation from sheep brain which catalyzed the reaction} 
- 135 -
Ii-Glutamin© Adenosine Triphosphate 
L-Glutaraic Acid -v Inosine Dephosphate -•-HgPO^  
Magnesium ion was necessary in this process, and the 
amount of phosphate liberated corresponded to the transfer 
of the ainino groups. Similar results were obtained with 
PVQgQnes var, aureus (Elliott and Gale, 1948), 
Fbllowing deaminase action, the nucleosides are 
metabolized by a series of reactions involving phosphorylated 
intermediates. Until 5 years ago the role of phosphate in 
relation to nucleic acid enzymology was considered to be 
merely that of contributing a structural unit necessary 
presxuaably for combination with the basic protein to yield 
nude0proteins. One notable exception is the function 
ascribed to adenosine triphosphate in metabolic processes, 
Lobmann and his co-workers demonstrated the action of this 
nucleotide in phosphate traMfer. The keen interest in 
mclelc acid enzymology is due to the ever increasing de­
mands of cytologists and to increase knowledge of the 
subject gained from recent coenzyme nucleotide investiga­
tions. An important recent advance has been the role 
ascribed to HgPO^ , not only in nucleic acid structure, but 
also in its metabolism. 
The first observations of phosphate activity In 
nucleosidase action came from the experiments of Klein 
(1935), Phosphoric acid was shown to be necessary for the 
phosphorolysis of various nucleosides. It is not surprising 
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that Klein failed to recognize the formation of pentose-1-
phosphate. The first report of phosphorylated carbohydrates 
esterified in the 1 position was made by Cori and Cori 
(19S6), This was followed by the discovery of a number 
of energy rich phosphate esters with phosphoric acid in a 
carbonyl linkage# The possibility of formation of ribose-1-
phosphate as a result of nucleoside phosphorylase action 
was first suggested by Lipmann (1943), Kalckar (1945) 
succeeded in isolating the first phosphorylated 
carbohydrate intermediate of nucleoside metabolism, 
Dische (1938) made fundamental observations which 
formed the basis of the present concept that figures 
in the catabolisia of ribose. The present status in the 
field of knowledge indicates that pentose nuitabolisia resem­
bles the Embden-Meyerhof scheme of hexose metabolism in 
many respects. At the outset of this experimental inves­
tigation only scattered observations on ribose metabolism 
by bacteria were on record. In view of the multitude of 
catabolic and anabolic pathways in bacteria, it seemed 
possible that significant deviations from the tissue 
patterns might result. The results of the work reported 
in the preceding experiments show, however, that there la 
an essential uniformity between bacterial and tissue 
nucleic acid metabolism. 
The picture of pentose metabolism has undergone many 
revisions dxiring the short time that it has been inves-
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tlgated. A scheme which shows the relation of pentose 
metabolism to timt of glucose and of nucleotides is 
represented in Fig, 15, The formation of ribose from 
glucose can proceed by either of two major pathways. 
Starting with gluco8e-6-phosphate, the aerobic mechanism 
involves a series of oxidative decarboxylations which 
include the formation of the aldose sugars ribose, erythrose 
and glyceraldehyde, Kulka ^  al» (1951) have demonstrated 
that several of these reactions can be brought about by 
Acetobacter acetosum. The anaerobic steps involve first 
the formation of triose phosphate by way of an aldolase 
splitting of fructose 1,6-diphosphate, The trioae phos­
phate can then combine with glycolaldehyde, a reaction 
catalyzed by aldolase, to fom a ketopentose phosphate 
(Figs, 8, 9), The ketopentose phosphate that is formed 
may be either ketoxylose phosphate or ketorlbose phosphate, 
depending on the special attachment of the glycolaldehyde 
to the dihydroxyacetone phosphate. 
These two possible combinations can be represented 
as on page 139, 



























Ke t oxy 1 o se - 5-ph.o 8 pha t e 
The non-specIfIcity of aldolase with respect to the 
special attachment of the RCHO sugars to triose phosphate 
has been illustrated by Lardy (1949). He found that 
DL-glyceraldehyde reacted with dihydroxyacetone phosphate 
to produce an equimolar mixture of D-fructose-l-phosphate 
and D-sorbose-l-phosphate, 
Cell-free extracts of M, pyogenes var, aureus (Table 
20) and crystalline rabbit muscle aldolase (Table 21) both 
catalyze the formation of a pentose phosphate which exhibits 
the properties of a keto sugar. The pentose phosphate is 
formed from the combination of triose phosphate and 
glycolaldehyde, Aldolase preparations from both sources 







ketopentoae diphosphate, from triose phosphate and glycol-
aldehyde phosphate, Benson (1951) has recently identified 
ribulose 1,5-dlphosphate as a photosynthetlc product in 
young cultures of Soenedesmus« The significance of this 
finding was not reported. 
The interconversion of ketoxylose and keto ribose 
phosphates has not yet been demonstrated. However, keto-
ribose phosphate formation very likely occurs in view of 
the non-specificity of aldolase action. This ketopentose 
can be converted into ribose-S-phojsphate (Horecker, 1951), 
The interconversion of ribose-5-phosphate and ribose-l*" 
phosplmte has been suggested by Schlenk (1949) and recent­
ly demonstrated by Abrams and Klenow (1951), Ribose-1-
phosphate can then enter into the formation of nucleosidea 
and ultimately into nucleotide and nucleic acid formation. 
The origin of glycolaldehyde has not been studied in 
detail, Neuberg and Rosenthal (1914) identified glycol­
aldehyde as a by-product in yeast fermentation and assumed 
that it arose via hydroxypyruvic acid, Goepfert and Nord 
(1942) have isolated glycolaldehyde as its dimedon derivative 
from cultures of Fusarixan llni Bolley on a medium contain­
ing ethylene glycol as the only energy source, Kaushal 
and Walker (1947) were able to trap glycolaldehyde during 
the synthesis of cellulose from ethylene glycol by 
Acetobacter acetigenum. Hough and Jones (1951) have suggest­
ed the possibility that glycolaldehyde might arise from 
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serine. This pathway of formation may proceed via. 
hydroxypyruvic acid (Sprlnson and Chargaff, 1946) or 
via ethanolamine. Heither route has been investigated 
biologically. 
The anaerobic catabolisra of pentose phosphate should 
result in the formation of glycolaldehyde and triose 
phosphate. However, the 2-carbon compound could not be 
accounted for by the Dische and Borenfreund (1949) 
colorimetric reaction for glycolaldehyde. Wirth and Hord 
(1942) also failed to detect (glycolaldehyde) during 
the metabolism of pentoses by Fusariiim. They stated that, 
the inability to trap GA in the course of pentose 
fermentation could be related to the consideration 
that the rate of the enzymatic conversion of GA 
formed from pentoses within the cell is higher than 
the possible rates of diffusion out of the cell or 
of permeation of added GA into the cells, GA served 
as a weak carbon source. 
However, in the experiments conducted with cell-free 
extracts metabolizing ribose-5-phosphate anaerobically 
(Tables 10, 11), no glycolaldehyde could be detected by the 
colorimetric reaction. This may be due to the non-
specificity of the colorimetric test or to a rapid dis-
mutation of the glycolaldehyde to ethylene glycol and 
glycollic acid (Table 15), Kraushal et al. (1951) have 
been able to isolate glycolaldehyde as the 2,4-
dinitrophenylhydraasone derivative during the enzymatic 
scission of pentoses by Acetobacter acetigenum. The 
experimental conditions were not described and the 
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possibility of glycolaldehyde formation from other compounds 
may not have been eliminated. 
Evidence for the formation of triose phosphate from 
pentose phosphate comes from several experiments. Prelim­
inary experiments dealing with the metabolism of ribose by 
pyogenes var, aureus (Table 15) Indicated that the 
ratio of Og consumption, COg foi^ ied, and pentose metabolized 
is 3/3/1, This observation can be accounted for by assum­
ing a Cg-Cg split of the pentose, followed by the complete 
aerobic catabolism of the triose phosphate. Fig, 15 shows 
that triose phosphate is a common intermediate of pentose 
and hexose metabolism. In the presence of arsenious oxide, 
which prevents the oxidation' of c'^ -keto acids, the 
accumulation of pyruvic was indicated (Table 12), More 
direct evidence of triose phosphate formation from pentose 
phosphate is derived from the spectrophotometric studies on 
pentose metabolism. The addition of crystalline rabbit 
muscle triose phosphate dehydrogenase to a partially 
purified extract of E, coli caused an increase in the rate 
of metabolism of ribose-5-phosphate (Fig, 13), 
That an aldolase reaction is involved in the anaerobic 
breakdown of pentose phosphate is supported by the fact 
that ribose-6-phosphate can be catabolized without the 
consumption of oxygen (Tables 10, 11), In addition, the 
catabolism of pentose has been shown to be activated by 
Mg^  » and cysteine, Pe^  had an inhibitory 
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effect. Bard and Gunsalus (1950) have obtained similar 
results with an aldolase preparation from Clostrldiuia 
perfringens acting on fructose 1,6-dlphosphate, 
Incidental to the study of the metabolism of pentose 
and pentose nucleosides, improved procedures were elaborated 
for the preparation of inosinlc acid and glycolaldehyde 
phosphate. 
The use of trichloracetic acid or perchloric acid was 
found satisfactory for extraction of inosinlc acid and 
coagulation of protein. The heat coagulation recommended 
in earlier procedures is often incomplete; this results in 
complications in subsequent steps. Mercuric acetate as a 
precipitant of the nucleotide was far superior to lead 
acetate (Ostern, 1952}. This could be demonstrated by 
phosphate, pentose and spectrophotometric analysis of the 
supernatant. While one-fifth of the nucleotide is lost in 
the supernatant of lead precipitation (Ostern, 1932), 
mercuric acetate treatment was found to leave less than 3 
per cent in solution. The yield of inosinlc acid was 2 to 
3 times higher than that reported earlier. Optimum 
conditions for the hydrolysis of inosinlc acid in acid 
solution have been elaborated (RLg, 1). 
Glycolaldehyde phosphate was prepared from ok -phos-
phoglycerol and the method of Pleury ^  ad, (1948) using 
periodic acid was modified and improved. The metabolism 
of this phosphorylated carbohydrate has not been reported 
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in the biochemical literature. It may have a widespread 
function, especially in the metabolism of pentose and 
nucleic acids. 
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SUMMARY AKD CONCLUSIOHS 
1, Improved methods have been described for the preparation 
of glycolaldehyde phosphate and inosinic acid. The 
glycolaldehyde phosphate was prepared by periodic acid 
oxidation of a-glyc®rol phosphate and isolated as the baritua 
salt by alcohol precipitation, Inosinic acid was prepared 
from horse muscle by an improved method which included a 
quantitative study of the optimum conditions for the 
isolation of the nucleotide, 
2 ,  Cell-free extracts of Pr, morp:anii have been obtained 
which can deaminate adenosine. The enzyme preparation has 
been partially purified and found to be highly specific in 
its deaminating activity. Nucleosides closely related in 
structure to adenosine were not deaminated nor did they 
interfere with the deamination of adenosine. The bacterial 
enzyme behaved similarly in many respects to the deaminase 
of animal origin. The deamination of adenosine in aqueous 
solution by morganii followed first order kinetics. 
The optimum pH range was narrow with an optimum at pH 7,8, 
The Michaelis constant was 17,5 x 10"®» 
5, Ribose was metabolized by E, coli and M, pyogenes var, 
aureus in the phosphorylated state. The catabolism consist­
ed of an Initial split of the pentose into a 2-carbon and 
3-carbon fragment. The 3-oarbon fragment has been identified 
as triose phosphate by coupling the bacterial system with 
146 
crystalline triose phosphate dehydrogenase prepared from 
rabbit muscle. The 2-carbon fragment is believed to undergo 
a dismutation reaction resulting in the formation of 
ethylene glycol and glycolic acid. The splitting of 
pentose phosphate was stimulated by Co^  and 
cysteine. It was inhibited by Fe"^  , The optimum pH 
range for the oatabolism of pentose was wide with an 
optimum of pH 8»2. 
4, Pentose phosphate synthesis has been accomplished by 
an enzymatic combination of triose phosphate and glycol-
aldehyde or glycolaldehyde phosphate, catalyzed by cell-
free extracts of E, coli and M. pyogenes var, aureus. 
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